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ABSTRACT

DISTRIBUTION, DIVERSITY AND FATE OF SALMONELLA IN NATURAL
BIOFILMS

by
Qiong Sha, M.S.
Texas State University-San Marcos

December 2012

SUPERVISING PROFESSOR: DITTMAR HAHN

Salmonella enterica strains represent important enteric pathogens that are typically
transmitted to humans via food and drinking water contaminated with feces of vertebrate
animals. The intestinal tract of vertebrates is typically presumed to be the native habitat of
salmonellae, however, recent studies frequently detected Salmonella strains in water,
sediments, animals (i.e., fish, turtles) and biofilms even in supposedly clean habitats such
as Spring Lake, the spring-fed headwaters of the San Marcos River, Texas. We therefore
proposed to monitor these potential human pathogens as they persist in or move through
such ecosystems using a combination of traditional enrichment culture techniques in
combination with molecular detection and identification tools that allow for highly

sensitive, high-resolution analyses of salmonellae.
xii



An initial study [Chapter 2, published in Systematic and Applied Microbiology 34,
353-359 (2011)] assessed the diversity and distribution of salmonellae in freshwater
biofilms at a fine scale (i.e. in 20 locations from a 324 cm? area) for two sites in San
Marcos, TX, a concrete storm water overflow channel (City Park) and a concrete surface
in the spring-fed headwaters of the San Marcos River (Spring Lake) between April and
September 2009. The study demonstrated the presence of salmonellae in natural biofilms
and a significant micro-heterogeneity with differences in diversity and persistence of
salmonellae during the season. The composition of Salmonella strains in the area
analyzed changed in time with large differences between early (April, June) and late
sampling times (September) within and among sites, except for one strain (S12) that was
present at almost all sampling times at both sites, though often at different locations
within the area analyzed.

Follow-up studies [Chapter 3, published in Microbial Ecology DOI:
10.1007/s00248-012-0106-y (2013)] identified 4 selected strains as serovars Give,
Thompson, Newport and -:z10:z39, and confirmed their pathogenicity in feeding studies
with the nematode Caenorhabditis elegans demonstrating that pathogenic salmonellae
were isolated from heterogeneous aquatic biofilms. Cells of these isolates inoculated into
water or biofilms declined numerically within 2 days, reaching the detection limit of our
gPCR-based quantification technique (i.e. 10° cells mI™); however, cells persisted and

stayed viable in biofilms in high numbers for some time.
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The fourth chapter [ accepted by FEMS Microbiology Ecology] focused on the
analyses of the diversity of Salmonella in biofilm and water samples from the spring and
slough arms of Spring Lake during the drought of 2011, with only one potential run-off
event at the beginning of the study. Salmonellae were detected in semi-selective
enrichment cultures by end-point PCR during the entire sampling period (11 sampling
events during 2 months). From the spring arm site, 73% of the biofilms and 41% of the
water samples were positive for salmonellae, while only 9% of the biofilms and 23% of
the water samples were positive from the slough arm site. Salmonellae could be isolated
from all positive samples, with higher diversity in biofilms compared to water samples,
and more strains obtained from the spring arm than from the slough arm. Differences
between sites were generally caused by less frequently detected isolates, while the
majority of isolates that were present in both biofilms and water from both sites was
represented by three strains only. Quantification attempts by gPCR directly in samples
without prior enrichment did not result in a reliable detection of salmonellae, suggesting
that numbers in all samples were below the detection limit.

One of the strains isolated from biofilms was used to assess the potential of fish to
transfer salmonellae from heterogeneous aquatic biofilms into feces using controlled
aquarium studies with suckermouth catfish (Hypostomus plecostomus) and biofilms on
tiles inoculated with salmonellae [Chapter 5]. Neither the presence of fish nor inoculation
with salmonellae had detectable effects on the abundance of the microbial community, i.e.

all DAPI-stained cells. Numbers of salmonellae quantified by gPCR and by in situ

Xiv



hybridization in water and biofilms, however, decreased fast from an initial value
representing about 20% of the DAPI-stained cells to less than 0.01% within 3 days
indicating that salmonellae are not persisting in high numbers in these environments, but
probably present in low numbers.

The results presented in this thesis indicate long-term persistence of Salmonella at
considerable diversity, albeit in low numbers, in both water and heterogeneous aquatic
biofilms, even in the absence of concurrent runoff that could be expected to contribute to

contamination.
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CHAPTER 1

General Introduction

Salmonellae are a group of gram negative bacteria recognized as major zoonotic
pathogens worldwide for both humans and animals (Humphrey, 2000). Salmonellae are
of great public concern because they can cause intestinal diseases such as gastroenteritis
(i.e., salmonellosis), and are responsible for 1.3 billion cases annually worldwide (Pang,
et al., 1995). In the United States alone, 1.4 million people are infected by Salmonella
strains resulting in costs of half a billion dollar annually based on medical care costs and
lost productivity (Frenzen, et al., 1999). Most of the infections are caused by the
consumption of contaminated, uncooked animal products or raw food (Tauxe, 1997,
Mutangadura, 2004), although infections through contaminated water have been reported
frequently (Angulo, et al., 1997, Van Houten, et al., 1998, O'Reilly, et al., 2007, Haley, et
al., 2009). The intestinal tracts of warm- and many cold-blooded animals are considered
to be the natural habitat of salmonellae (Woodward, et al., 1997), which is supported by
the detection of this pathogen in a variety of animals, such as birds (Refsum, et al., 2002,
Iveson, et al., 2009, Phalen, et al., 2010), reptiles (Woodward, et al., 1997, Briones, et al.,
2004, Hahn, et al., 2007, Gaertner, et al., 2008), mammals (Tejedor-Junco, et al., 2009),

and fish (Wyatt, et al., 1979, Lawton & Morse, 1980, Gaertner, et al., 2008). However,
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salmonellae have also been found in environments like sediments (Moore, et al., 2003,
Martinez-Urtaza, et al., 2004), soil (Cote & Quessy, 2005, Danyluk, et al., 2008) and
water (Cherry, et al., 1972, Cherry, et al., 1975, Jiménez, et al., 1989,
Martinez-Urtaza, et al., 2004). Numerous studies have been conducted on salmonellae
and their hosts from the pathogen control point of view, however, little is known
about the fate of this pathogen outside their hosts. The fact that salmonellae have been
recovered from rivers and streams in remote areas without any influence from humans
(Fair & Morrison, 1967, Hendricks & Morrison, 1967, Thomason, et al., 1975) and
from non-symptomatic animal carriers (Hendrick.Cw, 1971, Chao, et al., 1987)
suggests that the interaction between this organism and the environments might be
much more complex than people used to think. The paradigm for salmonellae as a
contaminant in the environment therefore needs to be refined, and the potential of this
organism as an ecosystem component be investigated.

Objectives

Previously, salmonellae have been detected from natural biofilms (Gaertner, et al.,
2009, Gaertner, et al., 2011), algae mats (Ishii, et al., 2006, Englebert, et al., 2008,
Byappanahalli, et al., 2009, Gaertner, et al., 2009, Gaertner, et al., 2011) and the
biofilms on the carapace of turtles (Gaertner, et al., 2008, Gaertner, et al., 2008).
These studies suggested that biofilms and algae might support the persistence of

salmonellae in aquatic systems after a non-point contamination incidence. Therefore,
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we hypothesized that biofilms could serve as a reservoir for salmonellae survival,
long-term persistence and even growth as was suggested for other pathogens
(Watnick & Kaolter, 1999, Yildiz & Schoolnik, 1999, Topp, et al., 2003).

The objective of this study was therefore to monitor the potential human pathogen
Salmonella as it moves through non-intestinal ecosystems using a combination of
traditional enrichment culture techniques in combination with molecular detection and
identification tools that allow for highly sensitive, high-resolution analyses of
salmonellae. This study addressed several hypotheses that focused on the analyses of
the distribution, the dissemination and the short- and long-term establishment of
salmonellae in water and biofilms of a pristine aquatic habitat (i.e., Spring Lake, San
Marcos, TX) and adjacent areas:

1. salmonellae are distributed randomly with high diversity in biofilms in natural

aquatic systems,

2. biofilms provide habitat suitable for long-term persistence and potential

growth of salmonellae in aquatic systems,

3. biofilms represent potential reservoirs for the distribution of salmonellae into

the food chain,

4. salmonellae contamination in natural environments could be from animal

feces through precipitation runoffs,
5. individual strains persist long-term in aquatic environments in biofilms and/or

animal reservoirs.



In order to test these hypotheses, 3 sites were chosen around Spring Lake, the head
waters of the San Marcos River in San Marcos (TX, USA) including: the spring arm
of Spring Lake which is fed by spring waters and was considered to be the most
pristine aquatic ecosystem in Texas (Slattery & Fahlquist, 1997); the slough arm of
Spring Lake which is connected to the Sink Creek discharge area in the middle of a
golf course; and the City Park site which resembled a storm water overflow channel,
connecting several ponds on the campus of Texas State University-San Marcos with
the San Marcos River (Fig. 1.1). The ecology of salmonellae was investigated at these
sites through a series of experiments that included both field sampling, and mesocosm
studies performed to eliminate complex environmental effects and to focus on one
particular variable, such as the persistence ability of salmonellae in natural biofilms.
In addition, pathogenicity tests were included to demonstrate that Salmonella strains
retrieved from natural biofilms were virulent. Based on the preliminary results on the
distribution and diversity of Salmonella in natural aquatic environments, quantitative
studies were conducted in follow-up experiments. In order to quantify Salmonella in
natural biofilms, biofilms were allowed to develop on ceramic tiles with defined
surface area initially and further used for salmonellae quantitative studies. Animal
feces were suggested to provide contamination sources for Salmonella in natural
environments in numerous studies (Thomason, et al., 1975, Polo, et al., 1998, Refsum,
et al., 2002, Tavechio, et al., 2002, Martinez-Urtaza, et al., 2004). Thus, we were

interested to see whether fish [i.e., suckermouth catfish (Hypostomus plecostomus)]



were able to transfer salmonellae from biofilms into feces, and whether these feces

could be a potent source of release and contamination of salmonellae.

Golf
Course

o

Spring arm

Fig. 1.1 Schematic presentation of sampling sites
The final goal of this study was to establish quantitative information on the
distribution, dissemination and fate of salmonellae in water and biofilms of Spring
Lake as a proxy for aquatic systems generally, and then evaluate the potential
consequences for spread and establishment of these pathogenic bacteria. Significant
baseline data on the fate of an obviously widespread, but little-studied organism
outside potential hosts and clinical environments will be established and used to
discuss routes of contamination and population establishment using sensitive, high
resolution methods that are basis for reliable studies on the epidemiology of

pathogens like salmonellae in the environment.
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CHAPTER 2
TEMPORAL ANALYSES OF THE DISTRIBUTION AND DIVERSITY OF

SALMONELLA IN NATURAL BIOFILMS

Sha, Q., A. Gunathilake, M.R.J. Forstner, D. Hahn. 2011. Temporal analyses of the
distribution and diversity of Salmonella in natural biofilms. Systematic and Applied
Microbiology 34(5): 353-359.
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Abstract

The diversity and distribution of salmonellae in biofilms were analyzed at a fine scale
(i.e. in 20 locations from a 324 cm? area) for two sites in San Marcos, TX. A concrete
storm water overflow channel (City Park) was sampled 4 times and a concrete surface
in the spring-fed headwaters of the San Marcos River (Spring Lake) 5 times between
April and September 2009, and each biofilm sample analyzed by a combination of
traditional enrichment methods and molecular techniques. PCR detection of invA
gene fragments after semi-selective enrichment of salmonellae was achieved in
biofilms from all 20 locations at the City Park site, with locations generally being
positive 2 to 3 times out of 4 sampling times for a total of 59% positive samples. InvA
gene fragment detection in biofilms was less frequent for the 5 sampling times and 20
locations from the Spring Lake site (18% of all samples), with 1 sampling time being
entirely negative and 8 locations remaining negative throughout the study. Rep-PCR
fingerprinting of 491 Salmonella isolates obtained from both sites resulted in 30
distinct profiles, with 26 and 7 profiles retrieved from City Park and Spring Lake
samples, respectively, and thus with 3 profiles present at both sites, and multiple
strains frequently obtained from single locations at both sites. The composition of
Salmonella strains in the area analyzed changed in time with large differences
between early (April, June) and late sampling times (September) within and among
sites, except for one strain (S12) that was abundant at almost all sampling times at

both sites, though often at different locations within the area analyzed. These results
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demonstrate the presence of salmonellae in natural biofilms and a significant
micro-heterogeneity with differences in diversity and persistence of salmonellae.

Introduction

Salmonellae represent a group of gram-negative bacteria that are recognized worldwide
as major zoonotic pathogens for both humans and animals (Humphrey, 2000).
Salmonellosis affects more people than any other single disease (Turnbull, 1979), with
the majority of illnesses resulting from exposure to undercooked animal products or to
cross-contaminated foods consumed raw (Tauxe, 1997, Organization, 2002). However,
salmonellosis can also result from direct contact with contaminated water (Foltz, 1969,
Harvey, et al., 1969) or infected animals (Sanyal, et al., 1997, Wells, et al., 2004,
Nakadai, et al., 2005). The native habitat of salmonellae is considered to be the
intestinal tract of a taxonomically diverse group of vertebrates (Gray, 1995, Refsum, et
al., 2002, Briones, et al., 2004) from which salmonellae can spread to other
environments through released feces (Baudart, et al., 2000, Islam, et al., 2004,
Chandran & Hatha, 2005, Haley, et al., 2009). However, salmonellae have also been
recovered from rivers and streams in remote areas, without detectable impact by
humans (Fair & Morrison, 1967, Hendricks & Morrison, 1967, Thomason, et al., 1975)
or host animals (Hendrick, 1971, Chao, et al., 1987). This suggests more complex
interactions of salmonellae with the environment than indicated by a scenario linking
their presence entirely to environmental contamination through, e.g., manure or

wastewater discharges (Polo, et al., 1998, Martinez-Urtaza, et al., 2004).
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Salmonellae have been shown to survive for extended periods of time in non-enteric
habitats (Turpin, et al., 1993, Chandran & Hatha, 2005, Cote & Quessy, 2005,
Semenov, et al., 2009), including biofilms and algal mats (Ishii, et al., 2006,
Englebert, 2008, Byappanahalli, et al., 2009). Mats of the green algae Cladophora,
for example, were identified as reservoirs of salmonellae, with isolates exhibiting a
high degree of genetic relatedness (Ishii, et al., 2006, Byappanahalli, et al., 2009).
These studies suggested a casual relationship between salmonellae and Cladophora
potentially related to input sources, e.g. runoff, with a predominant genotype surviving
on the algae (Byappanahalli, et al., 2009). Runoff was also suggested as the major
source of contamination with salmonellae in Spring Lake, San Marcos, Texas
(Gaertner, et al., 2009), with a few predominant genotypes of salmonellae establishing
in biofilms on the carapace of turtles (Gaertner, et al., 2008) or on concrete surfaces
(Gaertner et al., unpublished). From this perspective, biofilms might provide habitats
suitable for long-term survival of salmonellae once introduced into aquatic systems,
as seen for other pathogens (Watnick & Kolter, 1999, Yildiz & Schoolnik, 1999), or
might even support growth as suggested for other environments such as soil (Topp, et

al., 2003, You, et al., 2006).

The aim of this study was to assess the presence and establishment of viable
salmonellae in biofilms on concrete surfaces at 2 sites, i.e., Spring Lake, the
spring-fed headwaters of the San Marcos river, and City Park, a stormwater overflow

channel, both in San Marcos, Texas. Biofilms were collected from twenty locations in
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an area covering about 324 cm? several times during the year 2009, and analyzed for
the occurrence and diversity of salmonellae by using a combination of traditional

enrichment culture techniques and molecular analysis tools.

Material and Methods

Sampling sites

Biofilm samples were collected at Spring Lake (29.894132, -97.929838), the
spring-fed headwaters of the San Marcos River, Texas, USA, and at City Park
(29.886579, -97.936171), a stormwater overflow channel connecting several ponds on
campus of Texas State University-San Marcos with the San Marcos River about 2 km
downstream of Spring Lake (Fig. 2.1). At both sites, biofilms were permanently
covered with a thin layer of water, exposed to sunlight at Spring Lake but in the shade
at City Park. Samples were meant to be taken about one week after significant rainfall,
i.e. usually thunderstorms with heavy precipitation, except for the last sampling that
was performed directly after rainfall. From Spring Lake, samples were obtained on
April 24, May 5, May 20, September 21 and September 25, and from City Park on

June 2, June 22, September 21 and September 25 (Fig. 2.2).
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Fig. 2.1 Schematic presentation of sampling sites Spring Lake, the headwaters of the
San Marcos River, Texas, USA (29.894132, -97.929838) (a), and City Park, a storm
water overflow channel connecting several ponds on campus of Texas State
University-San Marcos with the San Marcos River about 2 km downstream of Spring
Lake (29.886579, -97.936171). Dark lines represent roads and squares buildings.
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Fig. 2.2 Precipitation data (dark bars, obtained at
http://www.ncdc.noaa.gov/oa/ncdc.html for San Marcos, TX, station 417983),
sampling dates (dashed lines) and sampling sites (SL, Spring Lake; CP, City Park) for
the first nine months of 20009.
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At each sampling time, biofilms were retrieved from the concrete surface at the same
position with a cork corer (2 cm diameter) and a spatula from a small area (324 cm?,
12 x 27 cm) in a sampling grid that consisted of 4 rows (1 — 4) and 5 columns (A — E)
for a total of 20 locations (Al — E4) (Fig. 2.3). Samples that were collected in 50 ml
Falcon tubes differed from each other with respect to biofilm mass and area as well as
to water content due to difficulties in sampling quantitatively from the rough concrete
surface under water. Additional water samples, i.e. 40 ml for Spring Lake and 20 ml
for City Park (n=3 each) were collected directly into 50 ml Falcon tubes. All samples

were processed within an hour after sampling.
Enrichment

Biofilm and water samples were centrifuged (2,000 x g, 15 minutes), and the pellets
dispersed into 7 ml sterile distilled water. Six 1-ml sub-samples were centrifuged
(14,000 x g, 5 minutes), and the supernatants removed. Three pellets were frozen and
stored at -80°C for potential use in nucleic acid based detection procedures, while the
remaining three cell pellets were dispersed in 1 ml of Buffered Peptone Water (BPW;
L™ 10 g peptone, 5 g NaCl, 9 g Na,HPO,, 1.5 g KH,PO,, pH 7.2) (International
Standard Organization, 1993) and incubated at 37°C for 24 hours. After incubation,
100 pl of these cultures were transferred to 2-ml cryo-tubes containing 1 ml of
Rappaport-Vassiliadis (RVS) broth (L™: 4.5 g soybean peptone, 29 g MgCl,-7 H,0, 8
g NaCl, 0.4 g K,HPO,, 0.6 g KH,PQO,, 0.036 g malachite-green, pH 5.2)

semi-selective for salmonellae (Vassiliadis, et al., 1981) and incubated at 37°C for 48
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hours. Sub-samples (100 pl) were then transferred to cryo-tubes with fresh RVS

medium for a second enrichment at 37°C for 48 hours.

Number of detections per site
Number of detections per site

Spring Lake City Park

Fig. 2.3 PCR detection of Salmonella in enrichments from 20 biofilm samples from
Spring Lake and City Park. Each square represents a sample area of about 3 cm?
(distance from the next site was 1.5 cm (sites 1-4), or 4 cm (sites A-E)).

PCR-based detection

For PCR-based detection of salmonellae, cells in sub-samples (100 pl) of the second
enrichment in RVS were pelleted by centrifugation (14,000 x g, 5 minutes), dispersed
in 100 pl of 50 mM NaOH and lysed by incubation at 65°C for 30 minutes. Detection
of salmonellae by PCR was based on an established protocol using primers 139
(GTG AAA TTA TCG CCA CGT TCG GGC AA) and 141 °"TCA TCG CAC CGT
CAA AGG AAC C) (Rahn, et al., 1992) to amplify a 284-bp-fragment of the invA
gene that encodes a protein of a type 111 secretion system, essential for the invasion of

epithelial cells by salmonellae (Suarez & Rissmann, 1998, Khan, et al., 2000). This
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procedure was recently validated and proposed as the international standard
diagnostic method for quality assurance laboratories in epidemiological studies on
Salmonella spp. (Malorny, et al., 2003). The PCR was carried out in a total volume of
50 pl containing 10 x PCR buffer (500 mM KCI, 25 mM MgCl,, 200 mM Tris/HClI,
pH 8.4, 0.1% Triton 100), 1 ul dNTPs (each 10 mM in 10 mM Tris/HCI, pH 7.5), 0.2
ul Tag polymerase (5 U pl™), and 1 pl of each primer (100 ng pl™) and 1 pl of the cell
lysates (Hahn, et al., 2007). The PCR was performed in a PTC-200 thermocycler (MJ
Research, Waltham, MA) with an initial denaturation at 96°C for 2 minutes, followed
by 35 rounds of temperature cycling with denaturation at 96°C, primer annealing at
64°C, elongation at 72°C, each for 30 seconds (Malorny, et al., 2003). Salmonella
typhimurium ATCC 14028 was used as a positive control. PCR products were
analyzed by gel electrophoresis on 2% agarose gels in TAE buffer after staining with

ethidium bromide (0.5 pg mI™) (Sambrook, et al., 1989).
Isolation and Rep-PCR analyses

Sub-samples (100 ul) of the second enrichment were plated on RVS agar (RVS
solidified with 15 g agar L™) and incubated for 16 hours. From each sample, 10 to 40
colonies were chosen haphazardly and incubated in Luria—Bertani broth (LB; L™ 10 g
tryptone, 5 g yeast extract, 5 g NaCl) at 37°C for 7 hours. Cells from 100-pl
sub-samples were pelleted by centrifugation, and lysed in 100 pl 50 mM NaOH as
described above. Isolates representing salmonellae were identified by PCR targeting

the invA gene as described above, and further characterized by rep-PCR, a



23

PCR-assisted fingerprinting technique targeting consensus motifs of repetitive
elements common to prokaryotic genomes (Bennasar, et al., 2000, Woo & Lee, 2006).
Rep-PCR was performed in a total volume of 25 pl with primer BoxA1R (° CTA
CGG CAA GGC GAC GCT GAC G), and 2 pl of lysate as described in (Hahn, et al.,
2007). Banding profiles were screened visually by gel electrophoresis on 2% agarose
gels in TAE buffer (Sambrook, et al., 1989), and representative profiles documented
using an Agilent 2100 Bioanalyzer and the DNA 7500 Kit (Agilent Technologies,

Foster City, CA).

Results

After semi-selective enrichment in RVS, invA gene fragments were detected by PCR
in biofilm samples only, while water samples remained always negative independent
of location and sampling time. The two sampling sites provided different overall
detection results. For the Spring Lake site, enrichments of the 20 biofilm sampling
locations within the 324 cm?-area resulted in low initial invA gene fragment detection,
with only one out of 20 locations being positive for the April 24 and May samples,
and no detection at all for the May 20 samples (Table 2.1). Enrichments from biofilms
collected September 21 and 25 displayed a much higher detection rate, with 8
locations each being positive for invA gene fragments (Table 2.2). For all 5 sampling
times combined, individual locations were generally positive only once or twice (both
6 out of 20 locations within the 324 cm? sampling area) for a total of 18% of all

samples, while 8 locations were always negative (Fig. 2.3).
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Table 2.1. Distribution and diversity of salmonellae in biofilms collected
from sites Spring Lake and City Park four times during Spring 2009*

Sample No. of colonies No. of colonies Rep-PCR profiles of
location® checked per identified as colonies identified as
location® salmonellae (in % of salmonellae
all checked) S12 S24
Spring Lake
April 24
Al 20 19 (95%) 19
May 5
El 40 21 (57%) 8 13
May 20
none 40 0
City Park
June 2
B3 10 10 (100%) 10
C1 10 9 (90%) 9

samples were collected from a small area (12 x 27 cm) in a sampling grid
that consisted of 4 rows (1 — 4) and 5 columns (A — E) for a total of 20
locations (see Figure 3)

’locations not shown were negative for salmonellae

Senrichments of all 20 locations were tested but none of those negative for
the invA gene resulted in the isolation of any salmonellae

Table 2.2 Distribution and diversity of salmonellae in biofilms collected
from site City Park June 22, 2009*

Sample? No. of colonies Rep-PCR profiles of colonies identified as
(replicate identified as salmonellae
) salmonellae (in % of S25 S26 S27 S28 S29 S30
all checked)?
A3 (1) 5 (50%) 4 1
(2) 0
3) 0
A4 (1) 0
2 8 (80%) 2 4 2
(3) 5 (50%) 5
B1 (1) 10 (100%) 10
@) 0
(3) 2 (20%) 1 1
B3 (1) 1 (10%) 1

@) 6 (60%) 2 4
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Table 2.2 Cont.

(3) 6 (60%) 6
C1 (1) 0
() 0
(3) 10 (100%) 7 3
C2 (1) 0
() 10 (100%) 9 1
(3) 2 20%) 1 1
C3 (1) 3 (30%) 3
() 7 (70%) 7
(3) 9 (90%) 9
C4 (1) 4 (40%) 3 1
() 0
(3) 3 (30%) 3
D1 (1) 0
() 0
(3) 10 (100%) 10
E1 (1) 3 (30%) 3
() 3 (30%) 1 2
(3) 0

'samples were collected from a small area (12 x 27 cm) in a sampling grid
that consisted of 4 rows (1 — 4) and 5 columns (A — E) for a total of 20
locations (see Figure 3)

’locations not shown were negative for salmonellae
Senrichments of all 20 locations were tested but none of those negative for

the invA gene resulted in the isolation of any salmonellae (n=10 colonies

tested)

For the City Park sampling area, enrichment for all 20 locations displayed the
presence of invA gene fragments at least once, with most locations generally being
positive twice (11 out of 20 locations) or 3 times (6 locations) out of 4 sampling times

for a total of 59% positive samples (Fig. 2.3). Similar to Spring Lake samples,

enrichments of biofilm samples collected in spring (i.e., June 2) revealed the presence



of invA gene fragments at only few (i.e., 2) locations (Table 2.1), while invA gene
fragments were detected in enrichments of many more biofilm samples collected in
June 22, September 21 and September 25, with 10, 16 and 17 of the 20 locations,

respectively, being positive (Table 2.3, 2.4).
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Table 2.3 Distribution and diversity of salmonellae in biofilms collected from site
Spring Lake September 21 and 25, 2009*

Sample?

No. of colonies
identified as salmonellae
(in % of all checked)®

Rep-PCR profiles of colonies identified as
salmonellae

S1 S2 S3 S4 S12 S17 S24

September 21

A3 1 (10%) 1

A4l 10 (100%) 8 2

B2 8 (80%) 1 5 1 1

Cc1 9 (90%) 9

Cc3 10 (100%) 10

D1 1 (10%) 1

E1l 9 (90%) 9

E3 10 (100%) 10
September 25

Al 6 (60%) 6

A3 6 (60%) 3 3

Al 8 (80%) 8

c2 5 (50%) 1 1 2 1

c3 7 (70%) 7

D2 4 (40%) 4

D3 8 (80%) 7 1

E3 4 (40%) 4

samples were collected from a small area (12 x 27 cm) in a sampling grid
that consisted of 4 rows (1 — 4) and 5 columns (A — E) for a total of 20
locations (see Figure 3)

’locations not shown were negative for salmonellae

Senrichments of all 20 locations were tested but none of those negative for
the invA gene resulted in the isolation of any salmonellae (n=10 colonies

tested)
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Table 2.4 Distribution and diversity of salmonellae in biofilms collected from site City
Park September 21 and 25, 2009*

Sample? No. of colonies Rep-PCR profiles of colonies identified as Salmonella

identified as salmonellae
(in % of all checked)® S1 S4 S5 S6 s7 S8 S9 §10 S11 S12 S13 S14 S15 S16  S18 S19 S20 S21 S22 S23

September 21

Al 90 9
A2 90 6 1 2
A3 90 1 6 2
A4 70 6 1
B2 100 9 1
B3 20 2
B4 100 6 3 il
Cc1 100 8 2
c2 80
Cc3 100 9 1
[e23 60 6
D1 90 il 3 5
D2 70 5 2
D3 90 7 2
D4 20 2
E2 70 5 1 1
September 25
A2 10 1
A4 30 1 2
B1 20 1 il
B2 40 2 il 1
B3 30 1 1 1
B4 30 2 il
c2 40 1 3
Cc3 40 4
[e23 70 2 5
D1 80 2 6
D2 80 1 il 6
D3 70 7
D4 30 3
El 60 4 2
E2 50 3 1 1
E3 20 2
E4 90 9

samples were collected from a small area (12 x 27 cm) in a sampling grid
that consisted of 4 rows (1 — 4) and 5 columns (A — E) for a total of 20
locations; 2locations not shown were negative for salmonellae; *enrichments
of all 20 locations were tested but none of those negative for the invA gene
resulted in the isolation of any salmonellae (n=10 colonies tested)

Isolation of salmonellae was achieved only from enrichments of biofilm samples that
had tested positive for the presence of invA gene fragments, but not from those being
negative including enrichments of water samples. The number of isolates obtained
was highly variable, with numbers covering the range of one to all colonies checked
being positive for the invA gene (Tables 2.1-4). Overall, 491 isolates obtained from

both City Park and Spring Lake samples were identified as Salmonella by the
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presence of the invA gene. Rep-PCR fingerprinting of these isolates resulted in 30
distinct profiles (Fig. 2.4), with 26 and 7 profiles retrieved from City Park and Spring
Lake samples, respectively (Tables 2.1-4). Three isolates with identical profiles (S1,

S4, and S12) were present at both sites.
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Fig. 2.4 Representative rep-PCR profiles (S1 — S30) of isolates from enrichment
cultures for salmonellae from biofilm samples from both Spring Lake and City Park,
documented using an Agilent 2100 Bioanalyzer and the DNA 7500 Kit (Agilent
Technologies, Foster City, CA). Fragment sizes on the left represent those determined
by the Bioanalyzer.

Multiple strains (i.e., represented by up to 4 rep-PCR profiles) were frequently
obtained from single locations at both sites (Table 2.1-4), as well as from replicate
enrichments from the same biofilms (Table 2.3). Replicate enrichments varied with
respect to the detection of invA gene fragments from 1 to all 3 replicates being
positive, as well as with respect to diversity with isolates from replicates being

represented by different rep-PCR profiles (Table 2.3). The composition of Salmonella
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strains in the entire 324 cm? area analyzed changed in time with large differences
between early (April, June) and late sampling times (September) within and among
sites City Park and Spring Lake (Tables 1-4). Only one strain (S12) was abundant at
almost all sampling times at both sites, though often at different locations within the

area analyzed.

Discussion

PCR detected salmonellae after semi-selective enrichment of biofilm samples in a
patchy distribution in the 324 cm? sampling area at both sites, with overall lower
detection frequency and diversity in samples from Spring Lake compared to samples
from City Park. Though both sites are located in areas characterized as grass- and
parkland with abundant wildlife that include large numbers of deer or other animals
that have been shown to host salmonellae (Bigler, et al., 1974, Refsum, et al., 2002,
Briones, et al., 2004, Branham, et al., 2005, Renter, et al., 2006), the differences in
detection frequency and diversity of salmonellae between sites are most likely a
consequence of specific environmental characteristics. Spring Lake is generally
considered one of the most pristine waters in Texas (Slattery & Fahlquist, 1997) fed
by a system of 200 artesian springs of the Edwards Aquifer with an average
cumulative discharge of approximately 4.8 m* per second (Slattery & Fahlquist, 1997).
The sampling site was located just upstream of these springs which excludes potential
contamination from upstream water. It is surrounded by concrete walkways and

buildings, with few food resources for animals, restricting the size of the potential
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contamination area and minimizing the accumulation of fecal droppings from wildlife
in this area (Fig. 1). Thus large rainfall events, in addition to potential small scale
contamination by animals, are necessary to produce runoff significant enough to
occasionally wash animal droppings into the system with a short residence time due to
the fast water flow. This is different for the City Park site where a permanent slow
flow of water from the upstream ponds that cover a much larger area with adequate
food resources for animals than the Spring Lake site, might result in much longer
exposure to contaminating feces and thus salmonellae (Fig. 2.1). Biofilms at the
Spring Lake site might therefore only be exposed to contaminating runoff for a short
time, while exposure of biofilms at the City Park site is longer and, as a consequence
of the larger area contributing to contamination, populations of salmonellae more

diverse.

Patchiness in the detection of salmonellae was not only observed in the 324 cm? area,
but also on smaller scale. This was evident for replicate samples that demonstrated
large differences in the detection of salmonellae within a single 3 cm? sampling area
of most locations (Table 2.3). This patchiness is likely the consequence of a
non-homogeneous distribution of salmonellae in our original sample due to the
binding of salmonellae to particulate material or components of the biofilm,
exacerbated by insufficient release during our homogenization attempts. Biofilms are
highly heterogeneous communities of different microorganisms including diatoms,

green algae, protozoa, fungi and bacteria that represent hot spots of rapidly available
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carbon resources for heterotrophic organisms (Geesey, et al., 1978, Augspurger, et al.,
2008). Biofilms might therefore provide habitat suitable not only for long term
survival of salmonellae in aquatic systems, but could actually provide the opportunity
for growth as suggested for other non-enteric environments such as soil (Topp, et al.,
2003, You, et al., 2006). While our study was not designed to assess growth of
salmonellae in natural biofilms, the detection of salmonellae confirms that
salmonellae can persist in biofilms for some time and supports previous conclusions
for the survival of salmonellae in algal mats (lIshii, et al., 2006, Englebert, 2008,

Byappanahalli, et al., 2009).

The results also demonstrated a significant micro-heterogeneity of Salmonella strains,
detecting up to 13 different strains in the 324 cm? sampling area and up to 4 different
strains at one location (3 cm?), as indicated by rep-PCR. Rep-PCR is a high resolution
tool with the ability to differentiate closely related microbial strains (Hyyti&-Trees, et
al., 2007, Foley, et al., 2009). It allows discrimination among closely related strains of
Salmonella (Albufera, et al., 2009, Ben-Darif, et al., 2010), with potentially better
resolution than obtained by traditional serological assays or sequence analyses of
inter-spacer regions of the rrfH gene (Wise, et al., 2009). Consequent of its high
sensitivity in discriminating among Salmonella, its application has recently been
suggested as an alternative to traditional serotyping methodologies (Anderson, et al.,
2010). Rep-PCR therefore provides sensitive information essential for bacterial source

tracking and to determine the distribution of this pathogen in general or of specific
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strains in particular. Our results also support prior conclusions that distribution and
overall diversity of salmonellae might easily be underestimated in large scale or
seasonal sampling schemes as well as from the analyses of limited numbers of

samples or isolates (Ishii, et al., 2006, Byappanahalli, et al., 2009).

Studies on the long-term persistence, or seasonal variation on presence or diversity of
salmonellae, however, were impacted by the destructive sampling that is required in
all microbial ecology studies, and thus, despite attempts to re-sample the same site or
a locale very close to the original sampling site, such replicates might not retrieve the
same strains or microdiversity in time, e.g. before and after precipitation related
runoff. Studies on the establishment of a dominant and potentially environmental
strain such as S12 that was present at both sites at almost all sampling times, however,
and potential changes through time should be feasible and provide additional detail on
the long-term persistence or growth of salmonellae in biofilms. Such studies, however,
will require technical modifications that seek to refine accurate sample retrieval and

take into consideration additional quantitative analyses.
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Abstract

Members of the bacterial genus Salmonella are recognized worldwide as major
zoonotic pathogens that are often found to persist in non-enteric environments
including heterogeneous aquatic biofilms. In this study, Salmonella isolates that had
been detected repeatedly over time in aquatic biofilms at different sites in Spring Lake,
San Marcos, TX, were identified as serovars Give, Thompson, Newport and -:z10:z39.
Pathogenicity results from feeding studies with the nematode Caenorhabditis elegans
as host confirmed that these strains were pathogenic, with Salmonella-fed C. elegans
dying faster (mean survival time between 3 and 4 days) than controls, i.e. Escherichia
coli-fed C. elegans (mean survival time of 9.5 days). Cells of these isolates inoculated
into water at a density of up to 10° mI™ water declined numerically by 3-orders of
magnitude within 2 days, reaching the detection limit of our g°PCR-based
quantification technique (i.e. 10° cells mI™). Similar patterns were obtained for cells

in heterogeneous aquatic biofilms developed on tiles and originally free of Salmonella
that were kept in the inoculated water. Cell numbers increased during the first days to
more than 10 cells cm™, and then declined over time. Ten-fold higher cell numbers of
Salmonella inoculated into water or into biofilm resulted in similar patterns of
population dynamics, though cells in biofilms remained detectable with numbers
around 10 cells cm™ after 4 weeks. Independent of detectability by gPCR, samples of
all treatments harbored viable salmonellae that resembled the inoculated isolates after

4 weeks of incubation. These results demonstrate that pathogenic salmonellae were
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isolated from heterogeneous aquatic biofilms and that they could persist and stay
viable in such biofilms in high numbers for some time.
Introduction

Members of the bacterial genus Salmonella are recognized worldwide as major
zoonotic pathogens, responsible for an estimated 93.8 million cases of gastroenteritis
and 155,000 deaths in humans annually (Humphrey, 2000, Hoelzer, et al., 2011).
Although direct contact to animals carrying salmonellae has been identified as an
avenue for infection (Sanyal, et al., 1997, Wells, et al., 2004), salmonellae are
typically transmitted to humans via food and drinking water contaminated with feces
of animals (Tauxe, 1997, World Health Organization, 2002). The intestinal tract of
vertebrates is presumed to be the native habitat of salmonellae (Woodward, et al.,
1997), despite Salmonella sp. being frequently detected in non-enteric environments
such as water (Cherry, et al., 1972, Cherry, et al., 1975, Jiménez, et al., 1989,
Martinez-Urtaza, et al., 2004), soils and sediments (Cote & Quessy, 2005, Danyluk, et
al., 2008), as well as algae and biofilms (Ishii, et al., 2006, Gaertner, et al., 2008,
Byappanahalli, et al., 2009, Gaertner, et al., 2011, Sha, et al., 2011).

Algae and biofilms provide habitats suitable for survival of enteric pathogens such
as Escherichia coli (Domingo, et al., 1989, Ishii, et al., 2006, Semenov, et al., 2009)
or Salmonella (Byappanahalli, et al., 2003, Ishii, et al., 2006, Ksoll, et al., 2007,
Byappanahalli, et al., 2009). Therefore, they represent environments for potential

long-term survival of these pathogens in aquatic systems, as discussed for other
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organisms (Watnick & Kaolter, 1999, Yildiz & Schoolnik, 1999), or even growth as
suggested for other environments such as soil (Topp, et al., 2003, You, et al., 2006).
Similar to animal carriers, algae and biofilms might therefore serve as reservoirs for
water contamination, effectively increasing the infective dose of pathogens in the
environment after release from biofilms and thus increasing the incidence of disease
in humans with contact to contaminated water (Purevdorj, 2002, Marsollier, et al.,
2004).

We have recently demonstrated the presence of salmonellae in natural biofilms on
concrete surfaces and a significant micro-heterogeneity with differences in diversity
of viable salmonellae at 2 sites in San Marcos, Texas, i.e., Spring Lake, the spring-fed
headwaters of the San Marcos river, and City Park, a stormwater overflow channel
(Sha, et al., 2011). Several isolates were found at both sites and at different sampling
times during the season suggesting either long-term persistence outside potential
animal hosts or iterative re-inoculation through feces of carriers. In order to evaluate
the potential of these isolates to persist or even grow in water and biofilms, four
isolates were initially characterized with respect to serotype and for pathogenicity to
assess their potential threat to human health, and then used to inoculate either water or
heterogeneous aquatic biofilms in aquaria mesocosms. Biofilms had been grown on
tiles with defined surface area in a spring-fed stream channel before placement into
the aquaria and were originally free of salmonellae. Population dynamics of

salmonellae in both water and biofilm samples were followed over a 4-week period



46

using quantitative PCR (gPCR). At the end of that period, attempts were made to

enrich for and isolate viable salmonellae from both environments.
Material and Methods

Selection and characterization of Salmonella isolates Initial studies focused on
isolates from biofilms obtained in a recent study (Sha, et al., 2011): isolate S12 was
detected at four sampling times in spring and fall at two sites adjacent but not
connected, Spring Lake and City Park; S11 was isolated at two sampling times in fall,
though in biofilms from City Park only; S3 was only detected once in biofilms from
Spring Lake, and S19 only once in biofilms from City Park. These strains were
confirmed as being salmonellae and serotyped using a combination of agglutination
assays and PCR-based assays (molecular serotyping) at the Texas Department of State
Health Services (Austin, TX) that also characterized them by pulsed-field gel

electrophoresis (PFGE) after DNA cleavage with Xbal.

Nematode-killing assay for pathogenecity All isolates as well as Salmonella
enterica serovar Typhimurium LT2 (ATCC 19585) were tested for pathogenicity
using feeding studies with Caenorhabditis elegans (Aballay, et al., 2000, Labrousse,
et al., 2000, Zachow, et al., 2009). Nematodes (C. elegans strain Bristol N2) were
kept as hermaphrodites on nematode growth medium (NGM) agar (L™: 2.5 g peptone,
3 g NaCl, 17 g agar, 1 ml of 1 M cholesterol, 1 ml of 1 M CaCl,, 1 ml of 1 M MgSQO,,
1 ml of 1 M potassium phosphate buffer, pH 6) at 20°C (Brenner, 1974) and fed with

Escherichia coli strain OP 50. For each strain (i.e. isolates S11, S12, S3 and S19, S.
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enterica serovar Typhimurium LT2, and E. coli OP 50), pathogenicity assays were
conducted on NGM agar plates (60 x 15 mm). Plates (n=6 per strain) were inoculated
with 25 pl of bacterial culture that was grown in Luria—Bertani broth (LB) (L™: 10 g
tryptone, 5 g yeast extract, 5 g NaCl) at 37°C for 10 hrs, and was adjusted to an ODsg,4
= 1.03 + 0.02. After incubation at 37°C for 10 hrs, each plate received 10 to 15
individuals of C. elegans that were 3-days of age. After incubation at room
temperature for 24 hrs, living C. elegans from each plate were transferred onto a plate
that contained E. coli OP 50 that had been grown at 37°C for 10 hrs. C. elegans were
observed under a Leica EZ4 dissecting microscope (Leica Microsystems Inc., Buffalo
Grove, IL) after 24 hrs, and living individuals transferred to fresh plates with E. coli
OP 50. These transfers were repeated daily for a total of 11 days.

For statistical purposes three replicates per experiment with a total of 90
nematodes were used. Failure to respond to touch and the absence of pharyngeal
pumping was used to score dead individuals. The Kaplan-Meier method was used to
compare the survival curves. Survival differences were tested for significance
(p<0.001) using the Gehan-Breslow-Wilcoxon test in GraphPad Prism, version 5.0

(GraphPad Software, Inc., San Diego, CA).

Growth studies of salmonellae in biofilms and water For growth studies under
controlled conditions, heterogeneous aquatic biofilms were grown on ceramic tiles
(2.2 x 2.2 cm, non-glazed) in a stream channel adjacent to the Freeman Aquatic

Building at Texas State University-San Marcos with running spring water for 3
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months. Biofilms on tiles were assumed to be free of salmonellae when PCR-based
detection attempts, i.e. PCR after semi-selective enrichment in Rappaport-Vassiliadis
Broth (RVS) broth (Gaertner, et al., 2009, Sha, et al., 2011), and gPCR on DNA
extracts from these biofilms (see below) remained negative. Tiles with biofilms were
then used for growth studies performed in 36 L-aquaria in the laboratory. In all
experiments, tiles with biofilms were covered with 10 L of dechlorinated tap water
resulting in a water level of about 6.5 cm in the aquaria, and incubated at room
temperature (i.e. 25°C) and artificial light conditions at a 16/8 day/night photoperiod

for 4 weeks.

Isolates S11, S12, S3 and S19 previously collected from aquatic biofilms and S.
enterica serovar Typhimurium LT2 were grown in LB medium for 16 hrs, washed
with tap water twice, and inoculated into the water covering the biofilms at a density
of approximately 10° cells mI™ estimated from the ODsg4 reading (3 aquaria for each
strain, with 54 tiles each). Samples were collected immediately after inoculation, after
12, 24, 36 and 48 hours, and then 3, 4, 5, 6 and 7 days, and finally 2, 3 and 4 weeks
later. At each time, three tiles were collected from each aquarium with a pair of
sterilized forceps, rinsed with sterilized distilled water and transferred to a 50-ml tube
where they were covered with 10 ml of sterilized distilled water. Biofilms were
released from tiles by sonication for 5 minutes (sonic cleaner 2QT; Fisher Scientific
Inc., Pittsburgh, PA), after which tiles were removed and cells collected by

centrifugation at 3,200 x g for 15 minutes. Concurrently, 40 ml of water were
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removed with sterile 60-ml syringes, transferred to sterile 50-ml tubes and centrifuged
at 3,200 x g for 15 minutes. Cell pellets from biofilm and water samples were then
re-suspended in 100 or 50 pl of 50 mM NaOH, respectively. Additional samples were
taken after 4 weeks of incubation and analyzed to confirm the presence of the
inoculated strain. This analysis used isolates obtained after semi-selective enrichment
of salmonellae and characterization by rep-PCR as described previously (Sha, et al.,

2011).

These analyses were repeated with an isolate obtained from sediments of the
slough arm of Spring Lake that was characterized as Salmonella enterica serovar
Newport by the Texas Department of State Health Services (Austin, TX) (Gaertner, et
al., 2009). In the initial setup, this strain was also inoculated into the water covering
biofilms, though at an estimated density of 107 cells mI™ in 6 aquaria, with 54 tiles
each. Tiles from 3 aquaria were transferred 1 hour later to 3 clean (i.e.
Salmonella-free) aquaria, and were covered subsequently with 10 L of tap water
(referred to as treatment 3, clean water, inoculated biofilm). In addition to the initial
setup (treatment 2, inoculated water, clean biofilm), a set of 3 aquaria without biofilm,
but inoculated water was used as treatment 1, and 3 aquaria with clean biofilm and

clean water were used as control.

Quantification of salmonellae in biofilms and water by gPCR Resuspended cells
from biofilm and water samples were lysed at 65°C for 30 min (Sha, et al., 2011).

While lysates from water samples were directly used as template in qPCR analyses,
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DNA from biofilm samples was purified using the UltraClean™ 15 DNA purification
kit (MoBio, Carlsbad. CA). Extraction efficiencies were determined by qPCR
quantification of added DNA of the nitrogen-fixing symbiont Frankia (strain
Ag45/Mutl5) before and after purification (Samant, et al., 2012), and used to
normalize quantitative analyses of salmonellae (Klerks, et al., 2006, Von Felten, et al.,
2010). Detection of salmonellae by gPCR was based on an established protocol for
end-point PCR using primers 139 CGTG AAA TTA TCG CCA CGT TCG GGC AA)
and 141 ®TCA TCG CAC CGT CAA AGG AAC C) (Rahn, et al., 1992) to amplify a
284-bp-fragment of the invA gene that encodes a protein of a type 111 secretion system,
essential for the invasion of epithelial cells by salmonellae (Suarez & Riissmann,

1998, Khan, et al., 2000). This procedure was validated and proposed as the
international standard diagnostic method for quality assurance laboratories in
epidemiological studies on Salmonella spp. (Malorny, et al., 2003). SYBR Green
based qPCR was performed in triplicate in a total volume of 20 pl containing 10 pl of
Quanta Mix (Quanta BioSciences, Gaithersburg, MD), 0.2 pl of each primer 139 and
141 (100 ng pI™) and 1 pl of DNA template in an Eppendorf Mastercycler (ep
realplex?; Eppendorf, Hauppauge, NY) using an initial denaturation at 96°C for 3
minutes, and 35 cycles of denaturation at 96°C, annealing at 64°C, and extension at
72°C, each for 30 seconds. The amplification was followed by a melting curve

analysis. Quantification was based on a standard curve generated from serial dilutions
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of ethanol-fixed cells of S. enterica serovar Typhimurium ATCC 14028 quantified by

epifluorescence microscopy after DAPI staining (Hahn, et al., 1992).

Results and Discussion

Selection and characterization of Salmonella isolates All isolates were confirmed
as salmonellae by the Texas Department of State Health Services (Austin, TX), with
isolate S12 identified as serovar Give (PFGE pattern XB-SLGV-110 [01]), isolate S11
as serovar Thompson (PFGE pattern XB-SLTH-096 [01]), S3 as serovar Newport
(PFGE pattern XB-SLGM-043 [01]) and S19 as serovar -:z10:z39 (PFGE pattern
XB-SIXX-176). Serovars like Newport and Give are often found in animal feces
(Wales, et al., 2009, Jiménez, et al., 2011), and have been linked to several outbreaks
of salmonellosis in the recent past (e.g. serovars Give (Higgins, et al., 1997, Girardin,
et al., 2006), Thompson (Linares, et al., 1984, Campbell, et al., 2001, Nygard, et al.,
2008) and Newport (Schneider, et al., 2011)). Pathogenicity tests with C. elegans as
host resulted in survival curves (Figure 3.1) that were significantly different for C.
elegans feeding on E. coli OP 50 or on the Salmonella strains (p<0.001) (Table 3.1).
These tests confirmed that all strains isolated from the environment remained
pathogenic with mean survival time of Salmonella-fed C. elegans being lower
(between 3.0 to 4.0 days) than that of E. coli-fed C. elegans (9.5 days) (Table 3.1).
These values were similar to those obtained by others for different salmonellae
(Aballay, et al., 2000, Aballay & Ausubel, 2001) demonstrating that our isolates from

aquatic biofilms were virulent despite their potentially long occurrence outside animal
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hosts. This result also implies that, if they stay viable or even grow in biofilms, these

environmental strains have the potential to become health hazards when detached

from biofilms and dispersed into the water column.
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Fig. 3.1 Kaplan-Meier survival plots of Caenorhabditis elegans fed on Salmonella
enterica serovar Thompson (S11, open squares) (n = 90; P< 0.0001), serovar Give
(S12, closed squares) (n = 90; P< 0.0001), serovar Newport (S3, closed triangles) (n =
90; P< 0.0001), serovar -:z10:z39 (S19, open triangles) (n = 90; P< 0.0001), serovar
Typhimurium (LT2, open circles) (n = 90; P< 0.0001), and Escherichia coli (OP 50,
closed circles) (n = 90; control) for one day, with subsequent daily transfers to plates

with E. coli OP 50.

Table 3.1 Comparison of Kaplan-Meier survival plots of C. elegans fed on E. coli

OP50 and different Salmonella strains.

Strain

S. enterica serovar Thompson (isolate S11)
S. enterica serovar Give (isolate S12)

S. enterica serovar Newport (isolate S3)

S. enterica serovar -:z10:z39 (isolate S19)
S. enterica serovar Typhimurium (LT2)

E. coli (OP 50)

Mean survival (days) P value
35 <0.001
3.0 <0.001
4.0 <0.001
4.0 <0.001
4.0 <0.001
9.5 -
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Quantification of salmonellae in water and biofilms by gPCR In our mesocosm
experiments, salmonellae could only be detected in water and biofilms when they
were inoculated, but not as indigenous organisms in naturally grown biofilms during
the experimental period of 4 weeks (data not shown). Salmonellae could also only be
isolated from samples with inoculated strains. Isolates resembled the inoculated
strains as demonstrated by identical rep-PCR patterns (data not shown). Cell numbers
of strains inoculated into water at densities of about 10° cells mI™ declined by up to 3
orders of magnitude to close to or below the detection limit of our g°PCR protocol (i.e.
10° cells mI™) within 2 days (Table 3.2). Strains were not detectable (nd, Table 3.2) or
inconsistently detected with low numbers in replicate samples (0, Table 3.2)
afterwards. This result resembles that of others that observed rapid declines in the
numbers of salmonellae after inoculation into microcosms with natural lake water
(Liang, et al., 1982). In sterilized lake water, however, cells persisted in high density
suggesting effects of predation (Liang, et al., 1982) rather than bacteriocidal effects or
stress of inoculation on the decline in natural water (Klein & Alexander, 1986). This
speculation is corroborated by other studies in which rapid declines of inoculated
bacteria (e.g. E. coli, Pseudomonas sp., Klebsiella pneumoniae) in natural lake water
were not meant to be caused by injury or stress (Gurijala & Alexander, 1988), but

rather by predation by protozoa (Scheuerman, et al., 1988).

In the initially Salmonella-free biofilms covered with inoculated water, numbers

of salmonellae increased to maximum densities between 10° and 107 cells cm™ within
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a day (Table 3.2). Within two weeks, however, numbers in biofilms declined to below
the detection limit similar to cells in water (Table 3.2). However, even though
salmonellae were generally not detectable after 2 weeks by our molecular tools, viable
cells were present. These cells grew in semi-selective media, and isolates could be
obtained from water and biofilm samples 4 weeks after inoculation of the aquaria. All
isolates resembled those strains inoculated as demonstrated by identical rep-PCR
patterns (data not shown). These results demonstrate that inoculated strains do not
establish in high numbers in water and biofilms, however, they remain detectable by
growth dependent methods after semi-selective enrichment and thus were viable for

the entire experimental period.
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Table 3.2 qPCR-based detection of different Salmonella isolates inoculated into water
containing tiles with clean biofilms in mesocosms at different time steps (mean cell

numbers (+ SE) x10% per cm? of biofilm or ml of water, respectively)

Time Hours

Days

Weeks

0 12 24 36 48

60

3

Isolate S11 (Salmonella enterica serovar Thompson)

Water 3129 767 365 85 nd
@77  (61)  (55)  (13)

©)

(0

©

©

(0

nd

nd

nd

nd

Biofilm 9 920 110 16 23 84 35 35 27 3 3 5 0 nd
® (00 (29 @ ® (1 U] (15) ® ) @ @ )

Isolate S12 (Salmonella enterica serovar Give)

Water 393 358 248 34 nd 0 nd 0 0 nd nd 0 nd nd
@) () (M ®) ) ©) ©) ©)

Biofilm 13 1163 432 28 33 78 29 73 10 0 1 nd nd nd
(3  (s54) (1420 (D) U] (14) (9) (1) @ (©) ©)

Isolate S3 (Salmonella enterica serovar Newport)

Water 280 199 19 8 nd nd 0 0 nd 0 nd nd nd nd
@8) (28 (O] (O] (O] ©) (O]

Biofilm 0 87 1183 143 21 242 10 6 21 nd nd nd nd nd
(©) (48)  (524)  (67) ()  (109) 4 @ (an

Isolate S19 (Salmonella enterica serovar -:z10:239)

Water 311 51 56 68 0 nd 0 0 0 0 0 0 nd nd
(34) ®) (RN ©) ©) ©) ©) (O] ©) ©)

Biofilm 0 1650 25365 630 159 45 1 6 4 0 6 nd 0 nd
(0)  (870) (8953) (186)  (68)  (12) @ @ () (©) @ )

Salmonella enterica serovar Typhimurium LT2

nd, not detected

A repetition of this experiment using a 10-fold higher inoculum of S. enterica

serovar Newport showed the same pattern of population dynamics in both inoculated

water and initially clean biofilm; cells, however, remained detectable for up to 4

weeks and in higher density in biofilms with 10%-10° cells cm™ (Table 3.3). The same

pattern of population dynamics was observed when cells were inoculated into

biofilms which were then covered with clean water. Cell densities of about 2 x 10°

cells cm in biofilms declined after 2 days by about one order of magnitude, but

remained detectable for 4 weeks with densities between 10 to 10° cells cm™ (Table
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3.3). Cells in water were only detected during the initial 2 days, with numbers that
remained close to the detection limit. Because numbers of Salmonella in water
remained far below the presumed infective dose of 10° cells (Kothary & Babu, 2001),
it seems unlikely that biofilms in natural waters act as reservoirs for subsequent water
contamination events. This might be different in distribution systems for drinking or
irrigation water where biofilms are often found in distribution pipes (September, et al.,
2007, Pachepsky, et al., 2012). Then, detachment or significant disturbance of these
biofilms might result in a pulse release of pathogens with numbers that then rise

above the infective dose if present.

Table 3.3 qPCR-based quantification of Salmonella enterica serovar Newport

inoculated into water or biofilm samples in mesocosms at different times steps (cell
numbers x10° per cm? of biofilm or ml of water, respectively)

Time Hours Days Weeks

0 12 24 36 48 3 4 5 6 7 2 3 4

Treatment 1: inoculated water

Water 11513 5539 11925 3030 38 5 2 0 9 3 2 nd nd
(2768)  (2037) (3713) (1497)  (16) 1) 0) 0) (5) )] (€)]

Treatment 2: inoculated water, clean biofilm

Water 10167 18746 4089 61 33 2 nd nd nd nd 2 1 nd
(1671) (3643)  (395) (32) (13) ) (€)] ©0)

Biofilm 14 3373 10383 11767 22301 453 762 1320 303 836 183 40 27

(4) (757)  (1402) (1867) (4183) 77) (196)  (323) (27) (75) 27) (©)] (8)

Treatment 3: clean water, inoculated biofilm

Water 1 16 13 9 nd nd nd nd 0 nd 0 nd nd
0 ®) @ ®) (0) (0)

Biofilm 2216 2020 2175 3432 7304 521 53 208 144 347 164 21 19

(514) (445) (387) (427)  (1180) (53) (5) (44) 27) (58) (12) 4) 4)

nd, not detected
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Although Salmonella can survive in aquatic biofilms as demonstrated in this and
other studies (Arnon, et al., 1997), it is still unclear whether they can actually grow or
just persist. While biofilms are regarded as hot spots of rapidly available carbon
resources (Geesey, et al., 1978, Augspurger, et al., 2008), that could allow growth of
heterotrophic organisms such as Salmonella, the pattern of population dynamics of
Salmonella with increasing or constant cell numbers for a few days, followed by rapid
declines and a final long tailing phase with low and variable cell numbers, does not
support any speculations on growth. Since more nutrient rich environments such as
dairy lagoons and field soil support the same pattern of population dynamics of
Salmonella (Toth, et al., 2011), and survival of Salmonella in estuarine water was not
affected by dissolved organic and inorganic components (Chandran & Hatha, 2005),
we think that biofilms more likely increase the survival of salmonellae by reducing
environmental stress such as predation pressure (Johnson, 2008); however, the results
also allow for speculations on a combination of both growth and predation. Future
studies should therefore address questions on potential growth or persistence of
Salmonella in environmental biofilms in more detail, and investigate the impact of
potential pulse releases of these pathogens from biofilms in irrigation systems.
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Abstract

The diversity and abundance of Salmonella was analyzed in biofilm and water
samples from the spring and slough arms of Spring Lake, the headwaters of the San
Marcos River, Texas, during the drought of 2011, with only one potential run-off
event at the beginning of the study. Salmonellae were detected in semi-selective
enrichment cultures by end-point PCR during the entire sampling period (11 sampling
events during 2 months), with higher frequency at the spring arm site compared to the
slough arm site. From the spring arm site, 73% of the biofilms and 41% of the water
samples were positive for salmonellae, while only 9% of the biofilms and 23% of the
water samples were positive from the slough arm site. Salmonellae could be isolated
from all positive samples, with higher diversity in biofilms compared to water
samples, and more strains obtained from the spring arm (21 and 6 strains in biofilms
and water, respectively) than from the slough arm (8 and 5 strains). A significant
positive correlation was discovered between numbers of isolates and diversity.
Differences between sites were generally caused by less frequently detected isolates,
while the majority of isolates that were present in both biofilms and water from both
sites was represented by three strains only (serovars Montevideo, Newport and
Gaminara, respectively). Quantification attempts by gPCR directly in samples without
prior enrichment did not result in a reliable detection of salmonellae, suggesting that
numbers in all samples were below the detection limit (10° cells per 500 ml of water

or 2.56 cm™ of biofilm). These results indicate long-term persistence of Salmonella at
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considerable diversity, albeit in low numbers, in both water and heterogeneous
aquatic biofilms, in the absence of concurrent runoff that could be expected to
contribute to contamination.
Introduction

Members of the genus Salmonella represent important enteric pathogens that are
typically transmitted to humans via food and drinking water contaminated with feces
of vertebrate animals (Islam, et al., 2004, Krtinic, et al., 2010, Levantesi, et al., 2012).
Animals are well-known reservoirs for salmonellae (Johnson-Delaney, 1996, Refsum,
et al., 2002, Doyle & Erickson, 2006), and many studies have demonstrated their
significance in salmonellosis in humans (Anonymous, 1995, Anonymous, 1999,
Mermin, et al., 2004, Dallap Schaer, et al., 2010). The intestinal tract of vertebrates is
typically assumed to be the native habitat of salmonellae (Woodward, et al., 1997),
with feces released then contaminating the environment (Natvig, et al., 2002, Holley,
et al., 2008). It is known that salmonellae released by animals in the vicinity of
aquatic systems represent a potent non-point source of contamination for water and
sediments when transported into the aquatic system by strong rainfall events and
associated runoff (Kinzelman, et al., 2004, Arnone & Perdek Walling, 2007).
Non-point sources include agricultural run-off, contaminated soils surrounding the
system, and fecal droppings from wildlife (Kinzelman, et al., 2004) and domesticated
animals (Veling, et al., 2002). Released from animal reservoirs into the environment,

salmonellae have been shown to survive, e.g., in cattle manure (Kearny, et al., 1993,
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Himathongkham, et al., 1999) or in soils (Islam, et al., 2004, Cote & Quessy, 2005,
Franz, et al., 2005) for time periods that exceeded a month.

Recent studies in our laboratory frequently detected Salmonella sp. in water,
sediments, animals (i.e., fish, turtles) and biofilms even in supposedly clean habitats
such as Spring Lake, the spring-fed headwaters of the San Marcos River, Texas
(Gaertner, et al., 2008, Gaertner, et al., 2008, Gaertner, et al., 2008, Gaertner, et al.,
2009, Gaertner, et al., 2011, Sha, et al., 2011). Salmonellae were detected in natural
biofilms on concrete surfaces with a significant micro-heterogeneity and differences
in diversity of viable strains (Sha, et al., 2011). Isolates detected repeatedly over time
in natural biofilms at different sites remained pathogenic and were shown to persist
and stay viable in mesocosm studies in biofilms and water in high numbers for some
time (Sha, et al., 2011). These data suggested that the current paradigm that defines
salmonellae as a contaminant might need to be revised to an updated version that
includes salmonellae as an ecosystem component.

The goal of this study was to assess the potential colonization of aquatic biofilms
by salmonellae over time. For this purpose, natural biofilms grown on ceramic tiles
with defined surface area and devoid of salmonellae were introduced into water at two
sites in Spring Lake. Tiles were removed frequently during a 2-month period for
qualitative and quantitative analyses of salmonellae in adhering biofilms. Analysis
methods included end-point PCR after semi-selective enrichments of salmonellae for

their detection, isolation from semi-selective enrichments and characterization of
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isolates by rep-PCR for diversity assessments of salmonellae, and finally quantitative
PCR (gPCR) for the determination of the abundance of salmonellae directly in the
environmental samples.

Material and Methods

Experimental setup and sample preparation

1

N

Golf
Course

s

Spring arm

Figure 4.1 Schematic presentation of sampling sites (black dots) in Spring Lake (San
Marcos, TX), i.e. its spring arm (29.894128, 97.929839), and its slough arm
(29.893736, 97.927456). Dark lines represent roads and rectangles buildings.

Biofilms were grown on clean ceramic tiles (2.2 x 2.2 cm, non-glazed) in a stream
channel with running spring water for 8 months. Biofilms on 10 haphazardly selected
tiles were checked for salmonellae by PCR after semi-selective enrichment (see
below), and all remaining biofilms assumed to be free of salmonellae when these 10

biofilms remained negative. On May 30, 2011, each 250 tiles with biofilms were
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transferred into water at 2 sites in Spring Lake (San Marcos, TX), i.e. its spring arm
(29.894128, 97.929839), and its slough arm (29.893736, 97.927456) (Figure 4.1).
Spring Lake is generally considered one of the most pristine waters in Texas fed by a
system of 200 artesian springs of the Edwards Aquifer (Slattery & Fahlquist, 1997).
The sampling site “spring arm” was located just upstream of these springs and
surrounded by concrete walkways and buildings, while the second site “slough arm”
was downstream of the Sink Creek discharge area and surrounded by a golf course.
Both sites represented lentic environments with virtually no flow.

Tiles were left on concrete stairs at the spring arm site and on shore sediments in
the slough arm, at a water depth of about 10 cm. Sampling started about 1 month after
deposition of the tiles, which coincided with the only precipitation event (46 mm
between the first and second sampling June 21 and 22, respectively) during the
2-month sampling period (June 21 to August 25, 2011) with a total of 11 sampling
events. Precipitation before deposition of the tiles on May 30 consisted of 27 mm, 9
mm and 14 mm water on May 12, May 20 and May 21, respectively, and no
significant precipitation the previous three months. At each sampling event, basic
environmental characteristics (pH, temperature, conductivity and dissolved oxygen)
were determined in water using a Hydrolab™ DS5 multiprobe sonde (Hach
Environmental, Loveland, CO). The pH, temperature and conductivity were similar
between sites and stable during the entire study with values for the pH of 7.2 + 0.2 for

both sites, temperatures of 22.5 + 0.6°C and 24.0 + 0.5°C, and conductivities of 505 *
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19 uS cm™ and 497 + 39 uS cm for the spring and slough arms, respectively.
Dissolved oxygen concentrations, however, were different between sites, but again
relatively stable during the entire study with higher concentrations at the spring arm
site (3.6 £ 1.3 ppm) compared to the slough arm site (1.6 £ 1.2 ppm).

At each sampling event, 10 tiles were collected from each site, transferred
individually to 50 ml Falcon tubes and covered with 20 ml PBS buffer (0.13 M NacCl,
7 mM NayHPO,4, 3 mM NaH,PO,, pH 7.2). Two 500 ml water samples were also
collected from each site. Water samples were filtered through 0.2 um Whatman
Nuclepore Track-Etched membranes, and the filter placed into 50 ml Falcon tubes
containing 20 ml of PBS buffer. Cells were released from tiles or filters by sonication
in a Fisher sonic cleaner (2QT; Fisher Scientific Inc., PA) for 10 minutes. Tiles or
filters were removed afterwards, and released cells collected by centrifugation at
4,400 x g for 15 minutes. Cell pellets were resuspended in 1 ml of sterile distilled
water, and each 3 subsamples of 100 ul then used for semi-selective enrichment and

isolation of salmonellae, and for quantification by qPCR.
Detection of salmonellae

For semi-selective enrichment and isolation of salmonellae, 100 pl subsamples
were added to 2-ml cryo-tubes containing 1 ml of Buffered Peptone Water (BPW; L™
10 g peptone, 5 g NaCl, 9 g Na,HPOy,, 1.5 g KH,PO4, pH 7.2) (International Standard
Organization, 1993) and incubated at 37°C for 24 hours. After incubation, 100 pl of

these cultures were transferred to cryo-tubes containing 1 ml of
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Rappaport-Vassiliadis (RVS) broth (L™: 4.5 g soybean peptone, 29 g MgCl,-7 H,0, 8
g NaCl, 0.4 g K,HPO,, 0.6 g KH,PQO4, 0.036 g malachite-green, pH 5.2) for
semi-selective enrichment of salmonellae (Vassiliadis, et al., 1981) and incubated at
37°C for 48 hours. Sub-samples (100 ul) were then transferred to cryo-tubes with
fresh RVS medium for a second enrichment at 37°C for 48 hours. These enrichments
were subsequently screened for the presence of salmonellae by end-point PCR
detecting a 284-bp-fragment of the invA gene as described previously (Hahn, et al.,
2007). PCR products were analyzed by gel electrophoresis on 2% agarose gels in
TAE buffer after staining with ethidium bromide (0.5 pug ml™) (Sambrook, et al.,

1989).
Diversity assessment of salmonellae

Sub-samples (100 pl) of the second enrichment were also plated on RVS agar
(RVS solidified with 15 g agar L™*) and incubated for 16 hours. From each sample, 10
colonies were chosen haphazardly, incubated in Luria—Bertani broth (LB; L™: 10 g
tryptone, 5 g yeast extract, 5 g NaCl) at 37°C for 7 hours, and identified as
salmonellae by the detection of the invA gene fragment by end-point PCR (Hahn, et
al., 2007). Isolates representing salmonellae were further characterized by rep-PCR as
described in (Hahn, et al., 2007). Banding profiles were screened visually by gel
electrophoresis on 2% agarose gels in TAE buffer (Sambrook, et al., 1989), and
representative profiles documented using an Agilent 2100 Bioanalyzer and the DNA

7500 Kit (Agilent Technologies, Foster City, CA) (Sha, et al., 2011).
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Quantification of salmonellae

For the quantification of salmonellae by gPCR, cell pellets from biofilm and water
samples were lysed in 100 pl of 50 mM NaOH at 65°Cfor 30 minutes. Cell lysates of
biofilms were cleaned using the SurePrep Soil DNA Isolation kit (Fisher Scientific,
Pittsburgh, PA) after the addition of defined amounts (1 ul) of DNA of the
nitrogen-fixing symbiont Frankia Ag45/Mutl5. gPCR quantification of Frankia DNA
using primer set nifHf1(5’ GGC AAG TCC ACC ACC CAG C)/nifHr158 (° GAC
GCA CTT GAT GCC CCA) targeting the nifH gene of frankiae (Samant, et al., 2012)
before and after extraction was used to estimate extraction efficiencies for each
sample. Extraction efficiencies were used to correct abundance estimates for

salmonellae.

Detection and quantification of salmonellae in samples was achieved by SYBR
Green based qPCR performed in triplicate in a total volume of 20 pl containing 10 pul
of Quanta Mix (Quanta BioSciences, Gaithersburg, MD), 0.2 ul of each primer 139
and 141 (100 ng pI™) (Rahn, et al., 1992) and 1 pl of DNA template in an Eppendorf
Mastercycler (ep realplex?; Eppendorf, Hauppauge, NY) using an initial denaturation
at 96°C for 3 minutes, and 35 cycles of denaturation at 96°C, annealing at 64°C, and
extension at 72°C, each for 30 seconds (Sha, et al., 2013). The amplification was
followed by a melting curve analysis. Quantification was based on a standard curve
generated from serial dilutions of ethanol-fixed cells of Salmonella enterica serovar

Typhimurium strain ATCC 14028 quantified by epifluorescence microscopy (Eclipse
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80i microscope; Nikon, Lewisville, TX) after staining with
4’ ,6-Diamidino-2-phenylindole (DAPI) (Hahn, et al., 1992).
Statistics

The Pearson’s correlation coefficient was calculated for the analysis of the
relationship between numbers of isolates and their diversity. Analysis of Variance
(ANOVA) was used to compare the difference in numbers of isolates among different

sources. A P<0.05 was used to determine significant differences.

Results and Discussion

Detection of salmonellae

Salmonellae were detected by end-point PCR in semi-selective enrichment
cultures from both biofilm and water samples throughout the study period, with
generally more samples being positive for salmonellae from the “spring arm” site than
from the “slough arm” site (Table 4.1- 3). Biofilm samples from the *“spring arm” site
were positive for salmonellae at all sampling times, with generally high percentages
of detection at each sampling event (i.e. 7 to 10 biofilms from 10 tiles positive for
salmonellae) (Table 4.1). Detection of salmonellae in the corresponding water
samples was less frequent, with no detection of salmonellae at 3 sampling events, and
generally only 1 out of 2 samples positive for the remaining 8 sampling events (Table
4.2). Biofilm and water samples from the “slough arm” site had lower salmonellae
detections, with salmonellae being detected at less than 50% of the sampling times

and in the samples per sampling event (Table 4.3). These results are similar to those
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of previous studies that demonstrated a higher prevalence of detection in spring arm

samples compared to slough arm samples (Gaertner, et al., 2011).

In contrast to this and other studies (Gaertner, et al., 2009, Haley, et al., 2009,
Gaertner, et al., 2011), however, prevalence of detection in water could not be related
to precipitation events. Salmonellae were detected in water samples with up to four
different strains per sampling date even without precipitation for more than a month
(Table 4.2 and 4.3). This result might be related to the much larger water volumes
used for analysis in this study (500 ml compared to 40 ml in previous studies)
allowing the enrichment of even very small numbers of salmonellae in water. Cells of
salmonellae were shown to remain viable and detectable in water for several weeks by
semi-selective enrichment even though salmonellae introduced into water declined
very quickly (Sha, et al., 2013). Thus, while presumably introduced in high numbers
by runoff and therefore detectable in small samples shortly after precipitation only,
our larger sampling volume enabled us to demonstrate the presence of viable strains
in water even for an extended period of time after a runoff event and absent new

precipitation.
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Table 4.1 Diversity and abundance of Salmonella isolates in biofilm samples from the
spring arm of Spring Lake

Sampling Biofilms Number of Isolates from biofilms (rep-PCR profile)

date positive for isolates

salmonellae
12 3 45 6 7 8 9 10 12 13 14 15 22 23 24 25 26 27 28 29 30

(%, n=10)
June 21 100 75 4 3 64 11 1 1
22 80 64 54 1 9
24 100 91 77 10 4
27 90 70 16 7 33 3 9 1 1
July 04 90 88 50 7 31
11 70 68 43 18 7
13 40 39 24 1) 10
18 10 10 5 5
25 90 75 6 4 4 11 56 1 2
August 01 100 88 16 12 10 49 1
25 30 26 25 1

694 4 1429 4 2641 8 1 1 10 9 1 227 0 5 3 9 1 1 2 1 0 1

Salmonellae in the water column can be source for contamination of
heterogeneous aquatic biofilms. However, since our analyses required destructive
sampling, with the consequence that different samples were analyzed in time, we can
only speculate about the time and mode of contamination. If the relatively small
precipitation event (9 and 14 mm water on May 20 and May 21) prior to deposition of
the tiles is considered a potential runoff event and salmonellae in the water column
can act as a source for colonization for at least 10 days after the runoff events, all
biofilms with subsequent Salmonella detections might have been colonized
immediately after their deposition into the water on May 30. Subsequent detection
would indicate that these salmonellae could at least persist in biofilms through the end
of the study 3 months later. An alternative to this scenario would be a recurring

colonization of biofilms over time through deposition of salmonellae from the water
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column without runoff events. This latter scenario requires either the persistence of
salmonellae in the water column, a recurring contamination by salmonellae released

from biofilms, or another unknown continuous source for contamination.

Table 4.2 Diversity and abundance of Salmonella isolates in water samples from the
spring arm of Spring Lake

Sampling Water Number of Isolates from water (rep-PCR profile)
date positive for isolates
Salmonellae
(%, n=2) 1 2 3 45 6 7 8 9 10 12 13 14 15 22 23 24 25 26 27 28 29 30
June 21 100 15 2 11 2
22 50 8 4 4
24 0 0
27 0 0
July 04 50 10 10
11 50 5 4 1
13 50 2 2
18 50 10 10
25 50 10 10
August 01 50 10 4 6
25 0 0
70 0 12 0 022 07 00 2 0 02 4 0 0 0 0 0 0 0 0 O

Diversity assessment of salmonellae

A total of 887 isolates confirmed as salmonellae by the detection of invA gene
fragments by end-point PCR were obtained from both sites, with higher numbers from
the “spring arm” site (764 isolates) than from the “slough arm” site (123 isolates), and
from biofilms (694 and 82 isolates for the spring and slough arm sites, respectively)
than from water (70 and 41 isolates, respectively) (Table 4.1- 3). Overall, 30 rep-PCR
patterns were identified, with higher diversity in “spring arm” samples (23 patterns)

compared to “slough arm” samples (9 patterns), and in biofilm samples (21 and 8
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patterns, respectively) compared to water samples (6 and 5 patterns, respectively).
These results are consistent with a previous study at the same sites in which 1
Salmonella strain was retrieved from water compared to 11 strains from biofilms, and
1 strain from the slough arm compared to 9 strains from the spring arm of Spring

Lake (Gaertner, et al., 2011).

serotype

7,000 bp]

1,500 bp—|

300 bp—

isolate 2 5 14

Figure 4.2 rep-PCR of the major Salmonella isolates present in both biofilms and
water at both sites in Spring Lake (San Marcos, TX). Three strain profiles are
provided (serotypes Montevideo, Newport and Gaminara, respectively), as
documented using an Agilent 2100 Bioanalyzer and the DNA 7500 Kit (Agilent
Technologies, Foster City, CA). Fragment sizes on the left represent those determined
by the Bioanalyzer.
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Table 4.3 Diversity and abundance of Salmonella isolates in biofilm or water samples
from the slough arm of Spring Lake

Sampling Biofilms Number of Isolates from biofilms (rep-PCR)
date positive for isolates
salmonellae 2 14 16 18 19 20 21
(%, n=10)
June 21 10 9
22 30 16 2 5 8 1
24 30 29 19 10
27 20 20 10 10
July 04 0 0
11 0 0
13 0 0
18 0 0
25 0 0
August 01 10 8 6 2
25 0 0
82 6 312 5 281 0
Sampling Water Number of Isolates from biofilms (rep-PCR)
date positive for isolates
salmonellae 2 11 14 16 18 19 20 21
(%, n=2)
June 21 50 5 4 1
22 0 0
24 100 19 10 2 6
27 0 0
July 04 0 0
11 0 0
13 50 9 9
18 0
25 0
August 01 50 8 8
25 0 0
41 12 2.0 2 0 0 6

A significant positive correlation was discovered between numbers of isolates and

diversity (r=0.8, P<0.001). Most rep-PCR patterns were obtained at low abundance

(i.e. in 1 to 10 isolates), and often only at 1 or 2 sampling times. The exception were

three strains that were detected at both sites and at the majority of salmonellae
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positive sampling events in both biofilm and water samples (isolates 2, 5 and 14)
(Table 4.1- 3). Characterization by serotyping and pulsed-field gel electrophoresis
(PFGE) at the Texas Department of State Health Services (Austin, TX) identified
isolate 2 as Salmonella enterica serovar Montevideo (PFGE pattern XB-SLMV-304
(01)), isolate 5 as S. enterica serovar Newport (XB-SLNP-731), and isolate 14 as S.
enterica serovar Gaminara (XB-SLGM-022) (Figure 4.2). While our enrichment
method could introduce a bias towards the detection of the most abundant strains, the
analysis of 10 replicate colonies per biofilm sample and of 10 biofilm samples per site
and sampling date successfully avoided this bias, detecting up to 7 different strains
per site at a given date. None of these strains were detected in our previous studies
(Gaertner, et al., 2011, Sha, et al., 2011), however, 4 of them (S2, S10, S16, S21)
were recovered from feces of deer and cattle collected in the adjacent upland during
the time of the experiment (data not shown). With exception of strain S2, these were
low abundance strains detected only once (S16 and S21) or twice (S10, June 21 in
water and August 1 in biofilm, both from the spring arm site). While these data
demonstrate a high diversity of salmonellae in a small area and the persistence of
specific strains in environmental samples (e.g. viable cells of S2 in water and biofilms
at different times), assumptions about the time and mode of contamination of these
strains follow the same line of speculation made above for contamination of
Salmonella in general. Future studies therefore need to address the potential role of

biofilms providing protection or nutrient resources (Watnick & Kolter, 2000) which
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would allow salmonellae to either persist or ultimately grow in a prevailing habitat for
microorganisms including human pathogens (Watnick & Kolter, 2000, Donlan, 2002,

Declerck, 2010).
Quantification of salmonellae

Quantification attempts of salmonellae by gPCR in samples without prior
enrichment did not result in reliable detection, even though many of these samples
were positive for salmonellae by end-point PCR after enrichment and thus harbor
salmonellae. Both end-point PCR and gPCR were based on the detection of fragments
of the invA gene that encodes a protein of a type Il secretion system, essential for the
invasion of epithelial cells by salmonellae (Suarez & Riissmann, 1998, Khan, et al.,
2000), and present in all Salmonella enterica subspecies as well as in S. bongori
(Malorny, et al., 2003). This gene has been used as target for specific quantification of
salmonellae, though with alternative amplification conditions different from ours
(Fallschissel, et al., 2009), different primers (Daum, et al., 2002, Ahmed, et al., 2009,
Ahmed, et al., 2012) or with different detection procedures, i.e. Tagman-based
detection instead of SybrGreen-based detection (Novinscak, et al., 2007, Novinscak,
et al., 2008). Our qPCR method required at least 10° cells per 500 ml of water or 2.56
cm™ of biofilm on tiles, considering the dilution of lysates into 100 pl from which 1
ul was analyzed, and the potential loss during additional purification resulting in a
mean recovery of DNA of about 10% (data not shown). Our detection limit for cells is

comparable to that reported by others (Ishii, et al., 2006, Ahmed, et al., 2012),
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although seemingly lower values have been reported when gPCR data were related to
colony forming units (CFU), e.g. in water (Clark, et al., 2011), wastewater (Shannon,

et al., 2007) or biosolids (Novinscak, et al., 2007).

In summary, our results demonstrate that viable, highly diverse salmonellae can
be detected in water and biofilms independent of runoff, with numbers, however, that
did not or only occasionally surpassed 10° cells I™* of water or 2.56 cm™ of biofilm.
Since estimates of infective doses for salmonellae vary significantly and study
dependent reports range from 4 to 45 cells (Lehmacher, et al., 1995), 10 to 100 cells
(Blaser & Newman, 1982) or 10° cells (Blaser & Newman, 1982, Kothary & Babu,
2001), it is not likely that the long-term persistence of low numbers of salmonellae in
water and biofilms documented in our study poses a direct human health concern. It is
more likely that long-term persistence of certain strains will eventually result in their
transfer through the food chain with potential accumulation in higher orders of the
food web such as crayfish or fish (Gaertner, et al., 2008, Gaertner, et al., 2011). These
speculations, however, will require controlled studies that enable us to quantify
salmonellae as they are transferred from biofilms up through the food chain. The
evidence increasingly supports a paradigm wherein salmonellae within freshwater

ecosystems persist at high diversity within natural biofilms.
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Abstract

The potential of fish to transfer salmonellae from heterogeneous aquatic biofilms into
feces was assessed in controlled aquarium studies with suckermouth catfish
Hypostomus plecostomus and biofilms on tiles inoculated with salmonellae. The
presence of fish had detectable effects on the abundance of the microbial community
(i.e. higher numbers of DAPI-stained cells) in water, withdensities of about 10° cells
ml™ of water at all sampling times during the 1-week sampling period. Numbers in
feces increased 10-fold during this period from about 10° to 10" cells mg™ of feces.
Salmonellae were detected by both quantitative polymerase chain reaction (qPCR)
and in situ hybridization in water samples directly after setup, in numbers of about 10°
cells mI™ representing up to 20% of the cells of the microbial community. Numbers
decreased by 3 orders of magnitude within the first 3 days of the study representing
only 0.01% of the community and became undetectable after day 5. In feces, numbers
initially increased to up to 6% of the cells of the community but then declined similar
to population dynamics in water samples. These results suggest that Salmonella are
not biomagnified during gut passage, and thus, fish only provide a means for
translocation of this pathogen.

Introduction

Members of the genus Salmonella represent important zoonotic pathogens (Humphrey,
2000) that have been detected in a broad range of animal reservoirs including
invertebrates, reptiles, birds, and mammals (Beach, et al., 2002, Refsum, et al., 2002,

Hahn, et al., 2007, Gaertner, et al., 2011). The intestinal tract of vertebrates is
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typically assumed to be the native habitat of salmonellae with feces released then
contaminating terrestrial or aquatic environments (Woodward, et al., 1997, Gopinath,
etal., 2012). Salmonellae persist in soil and water but also in plants and biofilms for
extended periods (Murray, 1991, Baloda, et al., 2001, Cote & Quessy, 2005, Ishii, et
al., 2006, Byappanahalli, et al., 2009). In biofilms, for example, we detected
salmonellae even in habitats of exceptional water quality, such as spring-fed Spring
Lake and the upper reach of the San Marcos River, Texas (Hahn, et al., 2007,
Gaertner, et al., 2008, Gaertner, et al., 2011, Sha, et al., 2011). Salmonellae were
present in natural biofilms in Spring Lake with a significant micro-heterogeneity and
with differences in diversity of viable strains (Sha, et al., 2011). In the laboratory,
specific isolates remained pathogenic, persistent, and viable in biofilm and the water
column up to 28 d (Sha, et al., 2013).

In the upper reach of the San Marcos River, salmonellae were detected in the intestine
of four trophically diverse fishes, i.e., piscivorous largemouth bass Micropterus
salmoides, omnivorous channel catfish Ictalurus punctatus, invertivorous and
detritivorous common carp Cyprinus carpio, and algivorous and detritivorous
suckermouth catfish, with up to 33% of the fish analyzed being positive for
salmonellae, and serovars being highly variable among individuals (Gaertner, et al.,
2008). Salmonellae are not considered to be part of the normal intestinal flora of
fish (Janssen & Meyers, 1968, Pal & Dasgupta, 1991), even though they were

detectable for up to 30 days in catfish artificially exposed to salmonellae (Lewis,
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1975). Thus, fish exposed to salmonellae could become asymptomatic carriers of
this pathogen (Brunner, 1974, Bocek, et al., 1992). Consequently, fish constitute an
important factor potentially influencing the dissemination and persistence of
salmonellae in aquatic environments (Lawton & Morse, 1980).

The aim of our study was to determine if fish would consume salmonellae from
natural biofilms and return them to the environment through fecal matter, ultimately
enhancing abundance or persistence of salmonellae in aquatic environments. In this
study, we used the same design as in our previous studies on the fate of salmonellae in
biofilms, which were conducted as controlled aquarium studies using biofilms on tiles
inoculated with salmonellae (Sha, et al., 2013).  Suckermouth catfish was selected to
assess the role of fish in the transfer of salmonellae from biofilms into feces, because
of their consumption of algae and amorphous detritus from benthos of the San Marcos
River (Pound et al. 2011). Quantification of salmonellae was achieved at selected
sampling times during a week using quantitative polymerase chain reaction (QPCR)
and in situ hybridization, and data related to shifts in abundance of the entire
microbial communities in time.

Material and Methods

Heterogeneous aquatic biofilms were grown on ceramic tiles (2.2 x 2.2 cm,
non-glazed) in a stream channel adjacent to the Freeman Aquatic Biology Building at
Texas State University-San Marcos with running spring water for 12 months.

Previous studies using more than 120 tiles with biofilms demonstrated the absence of
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salmonellae (Sha, et al., 2013), and therefore biofilms from only 10 haphazardly
selected tiles were checked for salmonellae by PCR after semi-selective enrichment in
Rappaport-Vassiliadis Broth (RVS) broth (Gaertner, et al., 2009, Sha, et al., 2011).
Since these controls remained negative for salmonellae, all remaining biofilms were
assumed to be free of salmonellae as well.  Tiles with biofilms were then used in
three treatments with three replicates each and established in 36 L-aquaria in the
laboratory. Treatment 1 and 2 each contained 200 tiles with biofilms free of
salmonellae that were placed on the bottom of each aquarium. For Treatment 3, tiles
with biofilms were covered in aquaria containing 10 L of water. This water was
inoculated with Salmonella strain S11 serovar Thompson with pulsed-field gel
electrophoresis (PFGE) pattern XB-SLTH-096 [01] determined at the Texas
Department of State Health Services; Austin). This strain was previously isolated
from biofilms (Sha, et al., 2011) and known to be pathogenic in feeding studies with
the nematode Caenorhabditis elegans (Sha, et al., 2013). Strain S11 was grown in
LB medium for 16 h, washed with tap water twice, and inoculated to a final density of
approximately 10° cells mI™ estimated from the ODsg4 reading. ~ Sixteen hours after
inoculation, tiles were transferred to 3 Salmonella-free aquaria. Biofilms on these
tiles harbored approx. 6.0 + 1.4 x 10° Salmonella cells as demonstrated by gPCR
analysis for 9 haphazardly selected tiles (Sha, et al., 2013).  All aquaria were then
filled with spring water, and aerated through air stones (3 cm®).  Aquaria with

treatments 2 and 3 received one large or up to six small suckermouth catfish, taken
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from Spring Lake by grappling. All treatments were kept at room temperature (i.e.
25°C) and artificial light conditions (16 h light and 8 h dark) photoperiod for seven
days.

Water samples were collected directly after setup, whereas additional water samples
and fish feces samples were obtained in 12-h intervals (i.e. 12, 24, 36, 48, 60 and 72 h
after setup), followed by 24-h intervals (i.e. 4, 5, 6, and 7 d after setup). Water
samples (500 ml) were filtered through 0.2 um Whatman Nuclepore Track-Etched
membranes, and the filter placed into 50 ml Falcon tubes containing 20 ml of PBS
buffer (phosphate-buffered saline; 0.13M NaCl, 7mM Na,HPO,4, 3mM NaH,PO4, pH
7.2). Cells were released from filters by sonication in a Fisher sonic cleaner (2QT;
Fisher Scientific Inc., PA) for 10 min.  Filters were removed afterwards, and
released cells collected by centrifugation at 4,400 x g for 15 min (Sha, et al., 2013).
Fish feces (40 ml) were collected with a syringe from the bottom of each aquarium
and concentrated by centrifugation at 4,400 x g for 15 min. Cell pellets from water
and feces were resuspended in 1 ml of sterile distilled water, and each 3 subsamples
of 100 pl then used for quantification by in situ hybridization or g°PCR. After 3 and 7
d, additional 100-pl-samples were used for semi-selective enrichment and
characterization of Salmonella isolates by rep-PCR (Hahn, et al., 2007).

At the end of the study after 7 d, fish were pithed, intestines removed, and intestinal
lining and contents were exposed by a longitudinal incision. Intestines from fish of

the same treatment were pooled and transferred to 1 mL of distilled water in an
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Eppendorf tube which was shaken by hand for 20 seconds to release and disperse the
content of the intestines. After removal of intestines, the remaining liquid was filled
up to 1 ml with distilled water. Each three 100-pl subsamples were then used for
quantification of salmonellae by in situ hybridization and qPCR, and for
semi-selective enrichment and subsequent analysis by end-point PCR.

For quantification of salmonellae by in situ hybridization, the subsamples of water,
feces and fish intestine content were fixed in 4% paraformaldehyde in PBS at 4°C for
16 h (Amann, et al., 1990). Afterwards, samples were washed in PBS and stored in a
final volume of 500 pl of 50% ethanol in PBS at -20@ until further use (Amann et al.,
1990). Samples were spotted on gelatin-coated slides [0.1% gelatin, 0.01%
KCr(SOy),], dried at 42°C for 15 min, and subsequently dehydrated in 50%, 70%, and
finally 95% ethanol for 3 min each. Hybridizations were carried out with probe Sal3
(5’AAT CAC TTC ACC TAC GTG, E. coli position 1713-1730) (Nordentoft et al.,
1997) that binds to 23S rRNA of all S. enterica subspecies tested so far (excepting
only subspecies I11a), but should not detect S. bongori (Fang, et al., 2003). Reactions
were performed in 9 pl of hybridization buffer [0.9M NaCl, 20mM Tris/HCI, 5mM
EDTA, 0.01% sodium dodecyl sulfate (SDS), pH 7.2] containing 10% formamide, to
which 1 pl of probe (25 ng mlI™) that included 4’6-diamidino-2-phenylindole (DAPI)
at a final concentration of 200 ng mI™ was added, at 42°C for 2 h. After hybridization,
the slides were washed with hybridization buffer at room temperature for 15 min,

rinsed with distilled water, and air-dried. Slides were mounted with Citifluor AF1
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solution (Citifluor Ltd, London, UK) and examined with a Eclipse 80i microscope,
fitted for epifluorescence microscopy with a mercury lamp (X-Cite™ 120; Nikon)
and filter cubes UV-2E/C (Nikon; EX340-380, DM400, BA4435-485, for DAPI
detection) and CY3 HYQ (Nikon; EX535/50, DM565, BA610/75, for Cy3 detection),
respectively. Bacteria were counted at 1000 x magnification in 25 fields, selected at
random, covering an area of 0.01 mm?2. DAPI and Cy3 pictures were taken from the
same image using a cooled CCD camera (CoolSNAP ES?; Photometrics, Tucson, AZ),
and Nikon’s NIS Elements imaging software (Version 3).

Treatment effects in the number of DAPI-stained cells in water and feces across time
intervals were tested with a one-factor ANOVA (a=0.05) with Tukey’s HSD used to
test differences between treatments.  Analyses were conducted in the software

package R, version 2.11.1 (www.R-project.org).

For the quantification of salmonellae by gPCR, cells in the subsamples of water, feces
and fish intestine content were lysed in a final volume of 200 pl of 50 MM NaOH at
658 for 30 min. Detection and quantification of salmonellae was achieved using
lysates or 10-fold dilutions as template in a SYBR Green based gPCR performed in
triplicate in a total volume of 20 pl containing 10 ul of Quanta Mix (Quanta
BioSciences, Gaithersburg, MD), 0.2 pl of each primer 139 CGTG AAA TTA TCG
CCA CGT TCG GGC AA) and 141 " TCA TCG CAC CGT CAA AGG AAC C)
(100 ng plI™) and 1 pl of DNA template in an Eppendorf Mastercycler (ep realplex2;

Eppendorf, Hauppauge, NY) (Sha, et al., 2013). Conditions included an initial
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denaturation at 96°C for 3 min, and 35 cycles of denaturation at 96°C, annealing at
64°C, and extension at 72°C, each for 30 seconds. The amplification was followed by
a melting curve analysis. Quantification was based on a standard curve generated

from serial dilutions of ethanol-fixed cells of Salmonella Typhimurium (ATCC14028)
quantified by epifluorescence microscopy (Eclipse 80i; Nikon, Lewisville, TX) after
DAPI staining.

Semi-selective enrichment of salmonellae was used for their detection in intestine
samples by end-point PCR, and the characterization of isolates in intestine samples,
and in water and feces samples collected on days 3 and 7 by rep-PCR. For enrichment,
each 100 pl subsample was transferred to a 2 ml cryotube containing 1 ml of Buffered
Peptone Water (BPW) (I™: 10 g peptone, 5 g NaCl, 9 g Na,HPO4, 1.5 g KH,PO,, pH
7.2) (International Standard Organization, 1993) and incubated at 37°C. After 24 h of
incubation, 100 ul of each of these samples were transferred to a 2 ml cryotube
containing 1 ml of Rappaport-Vassiliadis Enrichment Broth (RVS) (I': 4.5 g peptone
(soymeal), 29 g MgCl, x 7 H,0, 8 g NaCl, 0.4 g KH,PQO,, 0.036 g malachite-green,

pH 5.2) and incubated at 37°C for 24 h (Vassiliadis, et al., 1981). Sub-samples (100 pl)
of this semi-specific enrichment for salmonellae were transferred to new tubes with
RVS, and salmonellae were enriched a second time as stated above (Gaertner, et al.,
2008).

For end-point PCR analyses of intestine contents, 100 ul samples of this second

enrichment was transferred to a sterile 1.5 ml Eppendorf tube, and cells were pelleted
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by centrifugation at 14,000 x g for 2 min. The cell pellet was washed with 500 ul of
sterile distilled water once, and subsequently lysed in 100 pl of 50 mM NaOH by
incubation at 65°C for 15 min with shaking. Lysed cells were kept at -20°C until use.
End-point PCR was performed in a PTC-200 thermocycler (MJ Research, Waltham,
MA\) in a total volume of 50 pl containing 10 x PCR buffer (500 mM KCI, 25 mM
MgCl,, 200 mM Tris/HCI, pH 8.4, 0.1% Triton 100), 1 pl dNTPs (each 10 mM in 10
mM Tris/HCI, pH 7.5), 0.2 ul Taq polymerase (5 U pl™), and 1 pl of each primer 139
and 141 (100 ng pI™) and 1 pl of the cell lysates (Hahn, et al., 2007), with an initial
denaturation at 96°C for 2 min, followed by 35 rounds of temperature cycling with
denaturation at 96°C, primer annealing at 64°C, elongation at 72°C, each for 30
seconds (Malorny, et al., 2003). Salmonella Typhimurium (ATCC14028) was used as
a positive control. PCR products were analyzed by gel electrophoresis on 2% agarose
gels in TAE buffer after staining with ethidium bromide (0.5 pg ml™) (Sambrook, et
al., 1989).

For the characterization of salmonellae in water, feces and the intestine samples,
sub-samples (100 ul) of the second enrichments were plated on RVS agar (RVS
solidified with 15 g agar I™"). After incubation at 37°C for 16 h, 10 colonies were
chosen haphazardly from each sample and incubated in Luria—Bertani broth (LB; I'™:
10 g tryptone, 5 g yeast extract, 5 g NaCl) at 37°C for 7 h (Sha, et al., 2011). Cells
from 100-pul sub-samples as well as of a culture of the inoculated Salmonella strain

S11 were pelleted by centrifugation, and lysed in 100 pl of 50 mM NaOH as
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described above. End-point PCR as described above was used to identify isolates
representing salmonellae, which were then further characterized by repetitive
sequence-based PCR (rep-PCR). Rep-PCR was performed in a total volume of 25 pl
with primer BoxA1R (*CTA CGG CAA GGC GAC GCT GAC G), and 2 pl of lysate
as described in (Hahn, et al., 2007). Banding profiles were screened visually by gel
electrophoresis on 2% agarose gels in TAE buffer (Sambrook, et al., 1989), and
compared to that obtained with lysed cells of Salmonella strain S11.

Results and Discussion

The number of DAPI-stained cells differed among treatments in water (F,5=7.0; P =
0.02) but not in feces (F14=7.0; P =0.94). In water, the number of DAPI-stained
cells was lower (P < 0.02) in treatment 1 that did not include fish than in treatments 2
and 3 where fish were present.  Across treatments, number of DAPI-stained cells
ranged between 0.4 and 3.8 x 10° cells mI™ in water and between 1.6 and 10.6 x 10°
mg™ in feces Table 5.1). These results demonstrate that fish affected the abundance of
the microbial community in water samples during the experiment, most likely a
consequence of permanent mixing of water through movement. The lack of time
effects on the abundance of cells suggests that upwelling of precipitated cells or feces

in time did not add noticible numbers of cells to the water column.
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Table 5.1 DAPI-stained cells (x 10%) in 1 mL of water or 1 mg of feces [dry weight],
respectively

Time Hours Days
0 12 24 36 48 60 72 4 5 6 7
Treatment 1 (biofilm)
Water 1541 1016 2865 913 444 582 609 1333 71 936 983
(1370) (1322) (2594) (1057) (242) (242) (52) (1002) (58) (374) (641)
Treatment 2 (biofilm, fish)
Water 2228 2400 2892 2134 1348 872 374 986 1603 3450 4028
(770) (174) (203) (1810) (1403) (260) (312) (577) (575) (2358) (3056)
Feces - 23376 31627 21961 46627 34150 31544 45955 46276 41233 153610
(25407)  (22492)  (2666)  (28794)  (33694)  (24068) (9229)  (14799)  (31914)  (51476)
Treatment 3 (biofilm, fish, salmonellae)
Water 979 3813 3130 3367 987 1293 3092 1870* 2127* 2865 1681
(140) (2717) (2064) (1976) (278) (483) (1665) (722) (1613) (373) (968)
Feces - 16061 21240 42626 36537 23967 32478 72474 67432 82964 106223
(15746)  (10029)  (8066)  (16969)  (12718)  (12388) (26992) (312) (17704)  (41769)
X + SE, n=3)

* Values obtained from 2 aquariums instead of 3 (the aquariums with dead fish were
excluded)

The interpretation of increasing numbersin feces in time is more ambiguous since the
accuracy of the results is influenced potentially by methodological issues. Since
samples from both water and feces were not dispersed prior to application to slides
(e.g. in 0.1% pyrophosphate buffer by sonication) (Zarda, et al., 1997) to avoid
dilution of low numbers of salmonellae, accumulations of large numbers of cells on
particulate material were noticed (Figure 5.1). These affected within-sample
variability during enumeration and thus resulted in large standard errors. This issue
was more pronounced in feces samples where accurate enumeration was also affected
by the small amounts of feces collected and the associated difficulties to accurately
determine dry weights at different times potentially resulting in an overestimation of
cell numbers towards the end of the study. We were also unable to completely remove

feces at each sampling which could have resulted in growth of organisms in aging
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feces and thus in the detection of higher cell numbers towards the end of the study. As
a consequence, we are unable to state whether the increase in numbers in feces in time

is accurate or affected by our experimental setup and analyses.

Figure 5.1 Detection of all organisms (i.e. DAPI-stained cells) (left panel) and
salmonellae (right panel) in water (A and B) and feces (C and D) samples by
epifluorescence microscopy.

In situ hybridization with probe Sal3 allowed us to visualize salmonellae in both
water and feces samples from treatment 3 where Salmonella strain S11 was inoculated
(Figure 5.1). Salmonellae could not be detected in intestine samples from fish
harvested at the end of the study from treatment 3, and also not in any samples from

treatments 1 and 2 which did not receive salmonellae (data not shown). Detection of
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salmonellae in samples from treatment 3 was achieved without any pretreatments to
enhance cell permeability for probes (Zarda, et al., 1997), or the addition of blocking
reagents to reduce potential interference of background material (Hahn, et al., 1997).
However, due to the small number of Salmonella cells present the analyses depended
on our ability to concentrate cells from the original samples (i.e. cells from 500 ml of
water concentrated in 1 ml of sample), and to avoid any further dilution during sample
preparation for hybridization. Salmonellae were detected in water samples directly
after setup, in numbers of about 10* cells mI™. Numbers decreased by 2 orders of
magnitude within the first 72 h of the study and became undetectable after day 5
(Table 5.2). In feces samples, numbers of salmonellae increased 10-fold during the
first 36 h of the experiment from 2 to 26 x 10* cells mg™ feces and then decreased
gradually to about 100-fold at day 7 (Table 5.2) and corroborated results from our
previous studies (Sha, et al., 2013) and studies of others (Liang, et al., 1982, Klein &
Alexander, 1986).

These basic Salmonella population dynamic profiles obtained by in situ hybridization
were confirmed by gPCR analysis (Table 5.2). Regression analyses demonstrated a
high correlation with R values of 0.92 and 0.89 for water and feces samples,

respectively (please translate into stats language).
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Table 5. 2 Number of salmonellae (x 10°) in 1 mL of water or 1 mg of feces [dry weight],
respectively

Hours Days
0 12 24 36 48 60 72 4 5 6 7

Detection of salmonellae by in situ hybridization

Water 107 52 14 16 8 6 1 5 4 2
(59) (30) (9) () (9) (0) @) (6) (5)
Feces nd* 221 543 2608 753 523 161 278 72 77 37
(199) (575) (894) (379) (525) (151) (102) (124) (35) (63)

Detection of salmonellae by gPCR

Water 216 209 65 44
(100) (81) (28) (24)
Feces nd 364 741 1563 975 33 170 16 - 27 50
(120) (845) (2303) (1001) (51) (265) (25) (40) (84)
(X £ SE, n=3)

! not sampled
2 cell number < 100 cells

Thus, while cell numbers of the entire microbial community were either stable or
slightly increased during the experiment in water and feces, respectively, numbers of
Salmonella decreased rapidly in time. This statement is highlighted when population
dynamics of salmonellae were presented as percentage of the entire community. In
water samples, Salmonella cells were initially very prominent, representing up to 20%
of the cells of the community, but then declined by one order of magnitude during
each of the first three days (Figure 5.2). In feces, initial percentages were lower than
in water with up to 6% of the cells of the community but also declined fast in time
(Figure 5.2). These results suggest the selective removal of Salmonella from these
samples which might be a function of predation as indicated in previous studies on

salmonellae inoculated into natural or sterilized lake water (Liang, et al., 1982) or
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other bacteria such as E. coli, Pseudomonas sp., or Klebsiella pneumoniae

(Scheuerman, et al., 1988).

16 4
FISH-based detection of Salmonella

12 -

@ water
O feces

gPCR-based detection of Salmonella

20 1

Abundance of Salmonella cells
(as % of DAPI-stained cells)

@ water

10 [ feces

Hours Days

Time

Figure 5.2 Population dynamics of salmonellae in percent of all organisms (i.e.
DAPI-stained cells) in water and feces samples from treatment 3, analyzed by in situ
hybridization (i.e. FISH-based detection) and by quantitative polymerase chain
reaction (i.e. gJ°PCR-based detection) in time.

Neither in situ hybridization nor gPCR analysis did detect salmonellae in intestine
samples of fish harvested at the end of the study. However, end-point PCR following
semi-selective enrichment of salmonellae detected them in intestine samples of all
fish from treatment 3 that had received tiles with biofilms inoculated with Salmonella

strain S11. Rep-PCR patterns of all isolates obtained from these intestines and also
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from water and feces samples collected at days 3 and 7 resembled that of strain S11
indicating that this strain has been taken up and shed by the catfish. Intestines from
fish of treatment 2 that had received tiles with biofilms free of salmonellae were all
negative for the invA gene. Salmonellae could not be isolated from these intestines,
and also not from water and feces samples collected from treatment 2. These results
are in agreement with those of our previous study (Gaertner, et al., 2008), where we
had shown that salmonellae in the intestine of fish were normally associated with
particulate material, in highly variable numbers. This suggests that salmonellae are
not components of the indigenous microbial community in fish intestines, but are
rather taken up with particulate material, including biofilms.

Fish and other aquatic organisms have been documented as potential vectors for
human pathogens for many years (Metz, 1980, Minette, 1986, Chattopadhyay, 2000,
Fell, et al., 2000). Infections with salmonellae are generally related to the
consumption of fish (Novotny, et al., 2004), but could also come from the
environment contaminated by fish. Fish tank water, for example, has been reported as
the source of salmonellosis in a child (Senanayake, et al., 2004). Persistence and
dissemination of salmonellae in fish were dependent on the number of salmonellae
administered to the fish, with high numbers required for their detection in intestines or
muscles of the fish 4 weeks after administration (Buras, et al., 1985, Nesse, et al.,
2005). In our previous study (Sha, et al., 2013), we have shown a fast decline of

salmonellae in biofilms in time which could be basis for low percentages of
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salmonellae in both water and feces samples towards the end of the study, and also
explain the necessity to enrich for salmonellae cells for their detection in low numbers
in the intestine. Although fish seem to be able to take up salmonellae through their
food resources and shed them through their feces into the environment, numbers of
salmonellae after gut passage depend on their abundance in the original food
resources, and are not biomagnified during passage, and thus, fish only provide a
means for translocation of this pathogen.
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Discussion

The above studies showed the presence of salmonellae in natural biofilms, water and
animal feces in Spring Lake and San Marcos River (San Marcos, TX, USA) with high
abundance, diversity and significant microheterogeneity (Chapter 2, 4). These
salmonellae in natural biofilms and water could come from animal feces washed into
the aquatic systems by precipitation runoffs, due to the fact that same strains have
been detected from both environmental samples (i.e. natural biofilms, water) and
animal feces collected from Spring Lake surrounding terrestrial area (Chapter 4).
However, salmonellae contamination was not related to precipitation events as was
suggested previously (Gaertner, et al., 2009, Haley, et al., 2009, Gaertner, et al.,
2011), due to the fact that same salmonellae strains had been detected constantly in a
3-month drought period in both natural biofilms and water at the same locations in the
summer of 2011. This suggests that salmonellae could persist in aquatic environments
by repeated colonizing biofilms from either contaminated water or biofilm
detachments (Chapter 4). Thus, the paradigm of treating salmonellae as an
environmental contaminant needs to be revised, and the alternative could be an
ecosystem component. Several strains retrieved from environmental samples were
used for the pathogenicity test and persistent experiments. The results showed that
these salmonellae strains remained virulent and could persist in the aquariums for at
least 4 weeks (Chapter 3). In addition to the basic aquarium experimental setup with

water, biofilm and salmonellae, fish was later introduced into this system, resulting in
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a detection of high salmonellae quantity in fish feces for at least 7 days. Salmonella
were much more frequently detected from the water in the treatment with fish
comparing with those without fish (Chapter 3, 5). Such results demonstrate that
salmonellae could spread through food chain and persist longer in water in aquatic
systems.

Both traditional enrichments and molecular techniques were utilized in these studies.
Enrichments were necessary for obtaining Salmonella pure cultures and were reliable
for detection purposes. However, it took 3 enrichments, 5 days to get a detection
result and 5 enrichments, 7 days to obtain a Salmonella pure culture. Besides time
consuming, it is also labor intensive and prone to culturing bias. In comparison,
molecular techniques such as PCR, gPCR and in situ hybridization, also used in these
studies, are much faster and accurate but also have their own disadvantages. PCR
based techniques are usually interfered by PCR inhibitors, especially in the
application of environmental samples (Tsai & Olson, 1992, Johnson, et al., 1995,
Marlowe, et al., 1997, Sluter, et al., 1997, Stults, et al., 2001, Loge, et al., 2002,
Audemard, et al., 2004, McDevitt, et al., 2007, Fittipaldi, et al., 2011). In order to
eliminate PCR inhibitors, DNA extraction Kits are commonly used before a reaction,
which often results in a high cost and significant loss of DNA (Zhou, et al., 1996,
Miller, et al., 1999, Hurt, et al., 2001, Lakay, et al., 2007, Lloyd, et al., 2010, Samant,
etal., 2012, Sha, et al., 2013). Because of this, the direct detection limit by gPCR in

the environmental samples in this dissertation were about the same as those achieved
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by PCR after enrichment (QPCR was about 100 times more sensitive than PCR in pure
cultures from studies in our laboratory). In sum, regarding salmonellae quantification,
enrichment method causes bias since it only counts the culturable cells (Wagner, et al.,
1993, Alvarez, et al., 1995, Williams, et al., 2012); gPCR counts DNA copies from
both living and dead cells (Taskin, et al., 2011); in situ hybridization is prone to
artificial and sampling effects (Tyrrell, et al., 2001, Wagner, et al., 2003, Daims &
Wagner, 2007, Donofrio, et al., 2010). Therefore, one should choose different
methods prudently based on specific research purposes to avoid bias and achieve the
results mostly close to the truth.

Both field and laboratory control experiments were conducted in the above chapters
for different purposes. Field study allows us to directly describe the natural status of
the microorganisms but was also subjected to a variety of confounding environmental
and artificial effects. For example, it is impossible to control the precipitation time
and thus hard to study the runoff effect. Even though Spring Lake is a protected
aquatic ecosystem, human activities are constantly observed in this area, such as the
routine water plants cutting by heavy machines for maintaining the clarity of the
water and the annual boat racing event. The heavy machine disturbance could not be
neglected in ecological studies since it severely changed the stationary structure of the
lake ecosystem by causing turbulence, killing plants and animals, destroying habitats
for small animals and influencing microbial community structures (Sousa, 1984,

Fraterrigo & Rusak, 2008, Shade, et al., 2010, Shade, et al., 2010, Shade, et al., 2011,
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Shade, et al., 2012). This could possibly relate to the repeated re-colonization of
salmonellae in this environment. Vessel traveling have been documented to be
responsible for water pollution through leaking or cross contamination (Shikuma &
Hadfield, 2010). Thus, the boat racing event occurred one day before our first
sampling effort in 2011 might be an explanation for much more salmonellae being
detected in 2011 than that in 2009 at Spring Lake. In order to eliminate complex
environmental factors, mesocosm experiments were also conducted in this dissertation.
Such experiments have the advantage in studying individual environmental factors but
also often being criticized for their conclusions not applicable to natural environments
(Perrin, et al., 1992, Gertler, et al., 2010, Gertler, et al., 2012, Shade, et al., 2012).

In order to quantify salmonellae cell number in natural biofilms, we used ceramic tiles
with defined surface area to grow natural biofilms in an artificial stream channel. The
well developed biofilms on tiles were further used both in the natural ecosystems and
the aquariums. This method successfully solved the problem that accurate
quantification was not possible due to uneven biofilm distribution in natural
environments. The outcome was that we quantified salmonellae cell number on one
square centimeter of natural biofilms for the first time.

In sum, these experiments systematically studied the ecology of salmonellae in natural
biofilms and provided valuable suggestions for public health departments for

pathogen control purposes.
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In the future, more studies could be conducted related to the above chapters. First, the
role of environmental factors were not well studied in my experiments. Several
environmental factors (i.e. temperature, pH, oxidation reduction potential, dissolved
oxygen level, conductivity etc.) were tested at each sampling time at each site in
Chapter 4, but the results could not explain salmonellae detection differences spatially
or temporally. Studies on the effects of environmental factors on the ecology of
salmonellae were rarely reported except for temperature (Giaouris, et al., 2005, Haley,
et al., 2009), thus what factors play fundamental roles in the distribution, abundance
and diversity of salmonellae in natural environments remained unknown. Studies
from other pathogens (i.e. E. coli) suggested that environmental factors such as solar
radiation (Gameson & Gould, 1985, Rhodes & Kator, 1990, Daviescolley, et al.,
1994), predation by protozoans (Rhodes & Kator, 1990), nutrient deficiency (Na, et
al., 2006), effluent clarity and turbility (Curtis, et al., 1992, Krogh & Robinson, 1997,
Ackerman & Weisberg, 2003, Francy, et al., 2006) and wave height (Francy, et al.,
2006) might also affect pathogenic organism’s culturability in aquatic systems
(Holtschlag, et al., 2008). Future studies involving selecting field sites with apparent
differences (the spring arm and the slough arm of Spring Lake are geographically too
close in Chapter 4) in the above factors could be conducted to test these
environmental factors’ effects. Principal Component Analysis (PCA) could be used to

determine the important environmental factors on salmonellae survival and



125

persistence in natural environments and followed by a risk analysis based on model
prediction for pathogen control purposes.

Second, human effects should receive more attention in microbial ecology studies and
could be evaluated by designed experiments. Transportation and human expansion
have caused many human specific pathogens to be ubiquitous (Smith & Guegan,
2010). Water transportation has been frequently reported to be related to water
pollution and contamination (Anthony & Downing, 2003, Shirodkar, et al., 2010, Ho,
etal., 2011, Rozell & Reaven, 2012), thus a future experiment could be conducted by
taking swab samples from the bottom of each boat at different sites during a boat
racing event or vessel transportation process for salmonellae analysis. Accordingly,
water samples need to be collected before and after boat passing. Strains of
pathogenic organisms should be isolated and compared. If the same strains were
retrieved from both water and boat samples after boat passing, it suggests that the
boats are disseminating pathogens and thus more strict regulation rules on vessel
disinfection need to be administered by public health departments.

Third, a large amount of salmonellae isolates and strains have been retrieved and
characterized from the above chapters. Some of these strains have been detected much
more frequently than the others (Chapter 2 and 4). But the underlying reason for the
abundant strains to survive more successfully in natural biofilms remained a mystery.
Studies on the strategies of surviving in harsh natural environments used by other

pathogens have been illustrated before. For example, Vibrio cholera could alter
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phenotypes (Felter, et al., 1969, Dawson, et al., 1981, Baker, et al., 1983, Kjelleberg
& Hermansson, 1984, Wai, et al., 1999), attach to higher organisms such as intestinal
mucosa, brush border cells, chitin (Freter, 1970, Gibbons & Vanhoute, 1971,

Guentzel & Berry, 1975, Jones, et al., 1976), blue crabs (Callinectes sapidus) (Hug, et
al., 1986), aquatic arthropod Gerris spinolae (Shukla, et al., 1995) and various species
of zooplankton (Hug, et al., 1990, Tamplin, et al., 1990, Hugq, et al., 1995, Islam, et
al., 1999) to survive in adverse natural environments; Legionella pneumophila on
the other hand, could both associate with higher organisms (i.e. cyanobacterium
Fischerella sp.) by using algal extracellular products as its carbon and energy sources
(Tison, et al., 1980) and lysed macrophages (Chandler, et al., 1979). The dot genes of
L. pneumophila were identified to be essential for establishing intracellular growth of
L. pneumophila in macrophages amoebae (Gao, et al., 1997, Segal & Shuman, 1999,
Solomon, et al., 2000, Costa, et al., 2010). Future studies could also be on the
investigation of Salmonella survival strategies in harsh natural environments, which
may involve intensive gene expression assays focusing on the genes related to biofilm
formation, cell structure alteration, flagella development, intracellular growth etc. by
comparing the abundant and rare salmonellae strains recovered from natural

environments.
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